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IT 
SUMMARY 
MICROWAVE GROUP-DELAY EQUALIZERS 
by Brian Vlardrop 
A survey o~ the present state o~ microwave group-delay 
equalizers is presented. 'Based on this, a number o~ equalizers 
~or use at microwave and millimetric wave ~reqQencies are 
investigated, both theoretically and experimentally. A microwave 
group-delay measuring equipment is described, and a comprehensive 
treatment o~ possible sources o~ error presented. 
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z 
1.1 The definition of group-del~Y 
Two conditions must be satisfied by a propagation path 
if a transmitted signal is to remain undistorted. Firstly, 
. 
over the frequency interval of interest, which is taken here 
to be the band containing the signal energy, the amplitude 
of the transfer function of the path must be constant. 
Secondly, over the same frequency interval, the phase of the 
• . I 
transfe;- function JllUst be a linear function of frequency. In 
this report, the devices used to fulfil this second restriction· 
will be investigated. 
A convenient measure of the linearity-of the phase 
characteristic is the group-delay, t g , defined by the following 
equation 
t = - ap/dlJJ g . (1.1) 
where p is the. phase of the transfer function at an angular. 
frequency 00. From this definition, it follows that a linear 
pha,~e characteristic implies a constant group-delay. 
1.2 Group-delay for various media 
The medium considered may be unbounded, such as the 
atmospheric propagation employed in microwave line-of-sight 
I 
links, or bounded, such as in a conventional component. For 
the moment, the definition of the transfer function is not 
attempted, a full discussion being presented in Section 1.3. 
The input and output ports in the medium are spatially 
fixed, and the electric field at the output, r (t), is taken as 
r(t) = A exp j(lJJt + ~) (1.2) 
where 00 is the angular frequency, ~ is the phase at the output 
port with respect to the input port at time t = 0, and A 
is an arbitrary constant. SUch a field is monochromatic,· and 
--c--c~~-c------~c------ -
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the surfaces of constant phase have a propagation time from 
input to output,. called the phase-delay, t p ':' given by 
A wave train of finite length, such as a radar pulse, 
cannot be expressed in the simple harmonic form of equation 
(1.2), but may be resolved into a continuous fre~ency spectrum, 
I!'(oo), by means of a Fourier integral, 
.. 
I!'(oo) = 2; J_I!'(t) exp (- joot)dt 
(1.4) 
There are, therefore, an infinity of simple harmonic waves of 
the form of equation (1.2) associated with the wave train, 
each et which has a phase-(l.elay given by equation (1.3). The. 
wave train itself, however, has no specifi.c value of phase-
delay. If the frequency spectrum of the wave train is such 
that, over the frequency interval occupied, ~ is a linear 
tunotion of 00. a propagation delay, termed the group-delay, 
t g• can be assigned to the wave train. This is defined by1 
t = d~/dto (1.5) g . 
For example, rl th a carrier which is sinusoidally 
amplitude modulated .by a low frequency, the propagation time 
of a point on the modulation envelope is given by equation 
(1.5). If the linear phase condition is not satisfied. th~ 
group-delay of each spectral component is different, and the· 
modulation envelope at the output is distorted • 
. If the envelope has become distorted, the signal is said 
to have suffered dispersion. There are three types of 
dispersive transmission, depending on the form of the ~ - Cl) 
characteristio of the medium. and these are shown in Fig. 1.1. 
Curve 'a' is for a non-dispersive medium, where the group and 
w 
a - non-dispersive transmission 
b - normal dispersion 
c - anomalous dispersion 
FIG 1·1 Types of dispersion' 
, , 
4 
phase-delays are identical •. Curve 'b' is for "normaJ." 
dispersion, where the group-delay is greater than the phase 
delay; an example of this being in a section of loss1ess 
. 
waveguide. Curve 'c' is for "anomalous" dispersion, where 
the group-delay is less than the phase-delay. The anomalous 
t,r.pe of dispersion can occur in a lossy transmission line, or 
in propagation through the atmosphere if the frequency approaches 
one of. the natural relaxation frequencies of the water molecule. 
1.3 Selection of the transfer function 
In this seotion we oonsider the selection of a transfer 
function such that the group-delay so obtained has a physical 
meaning. 
A two-port device maybe approaohed from a current-voltage 
or a wave point of view, as shown in Fig. 1.2. In the figure. 
~ and a2 are the electrio field intensities of the wave inCident 
on ports 1 and 2, whilst b l and b2 are the eleotriofie1d 
intensities of the waves leaving the two ports. By definition 
we have 
, 
(~ + b1)k:J. V1 = 
V2 = (a2 + b2)k:J. (1.6) 
I1 = (~ - b1)k2 
I2 = (a2 - b2)~ 
where k:J. and k2 are scaling factors. 
For most applications, the quantity of interest is· the 
phase of wave b2 relative to that of wave~. These two waves· 
are linked by means of the scattering matrix, whioh is defined 
as follows 
= 
------------ --- - --- --- -- -- -----
'-" 
t V1 
• 
• 
DEVICE 
, 
FIG 1·2 Characterization of a two-port 
device 
-
t V 
I ' 
I 
i 
, 
" 
, ,I, 
----~------
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The device is assumed to have a matched load, and so a2 = O. 
" " 
Then by the definition above, 
= -.§... 
doo 
(1.8) 
where the operator Arg indicates that the phase of the quantity 
in brackets is to be taken. 
If the device is matched at input and output, then bl = 
a2 = 0, and equation (1.6) gives 
V2 b2 V = - = 821 1 "~ 
With a perfectly matched device, therefore, the voltage 
transfer function may be used to compute the group-delay. 
This is used in the case of the ideal resonant ring discussed 
in Chapter 5. With an unmatched device, such as the ~brid­
ring equalizer of Chapter 6, the scattering matrix element 
IllUSt be used as the transfer function." 
Even the definition using the scattering matrix, however, 
is not wholly satisfactory, since in practice the output port 
may not be perfectly matched. 8ince the requirements for an 
equalizer are that it be a good match and have low loss, the 
value of a2,"the reflection from the load, will be small. If 
the device is a reasonable match, the value of 822 wili also 
be small, and so the product a2822 may be neglected in 
comparison with ~821. 
l.~ Reasons for, and applications of group-delay egualizers 
From the previous sections it is seen that, for a 
• 
propagation path to be distortionless, the group-delay must 
be constant over the frequency interval of interest. 
The largest contribution to a non-constant group-delay 
in a communications complex is from 8.ll\Y' frequency selecting 
.'., 
6 
filters present. These filters normally consist of resonators 
coupled together to give a required insertion-loss characteristic. 
As the band edges are .approached, the rate of change of phase 
shift increases, resulting in a peak in the group-delay 
characteristic. The majorit,r of such filters are of the miniun-
phase type, and so have a group-delay characteristic and an 
insertion-loss characteristic which are mutually dependent. 
Fig. 1.3 shows one such set of curves for a Tschebychev band-
pass filter, and it is found that as the slope of the ir.sertion-
loss skir~s increases, so do the maxima of the group-delay 
curve. ¥good selectivity is required, therefore, large group-
delay variations will be incurred •. 
In a frequency modul.ated system, a non-constant group-delay 
characteristic results in the generation of intermodulation 
. noise. Due t9 the complexity of the mathematics involved, the 
noise due to a given group-delay characteristic can be computed 
only for the cases of linear and parabolic curves. The group-
delay specification for a device, therefore, normally consists 
of a linear component, a parabolic component, and a residual 
·ripple level. 
steep skirted filters, with their attendant group-delay 
variations, are extensively used for channel selection in 
satellite relay networks. The: signal processing portion of a 
satellite operates solely at microwave frequencies, the up-path 
at 6 GHz, and the down-path at 4 GHz. The group-delay of the 
satellite filters introduces unacceptable signal distortion, 
which results in a degradation of the signal to noise ratio. 
Ideally· the filters would be equalized by a group-delay 
equalizer operating at microwave frequencies, which would result 
in the required insertion-loss and group-delay characteristics 
A 
insertion-
Z 
... group-
delay 
3dB 
point 
a - insertion-loss 
b - group-delay 
I 
I 
I . 
I 
. centre 
frequency 
FIG 1·3 A Tschebychev bond-pass filter· 
I I 
I I ) I 
" 
i: . 
i 3dB· 
., pOint 
I 
I 
I 
w 
•. 
, 
7 
being achieved. Such an equalizer must have a flat insertion-
loss with an acceptable level of attenuation. Due ·tothe 
lack of suitable equalizers, it is customary to compensate 
for the satellite bypre-distorting the signal at the inter-
mediate frequenoy (is.) stage of' the transmitting ground 
station. This technique has a major drawback, since the 
f'requency converter from 7014Hz to 6 GHz is not distOl;'tion 
f'ree. If' frequency modulation is employed; the amplitude of 
the signal at the is •. is independent of time. The pre-
distortion applied, however, alters the relative phases of the 
spectral comIJOnents, and so the resultant amplitude is no 
longer constant, but varies with time. If' the f'requency 
converter is such that amplitude modulation on. the input signal 
produces spurious phase modulation on the output signal, 
distortion is permanently introduced, or "frozen" into the 
signal by the converter. For this reason, it is advantageous 
to equalize the microwave elements of the network at microwave 
frequencies. 
With the Intelsat IV series of synchronous satellites, 
the channel selecting filters have bandwidths of only lj.o 11Hz, 
with very steep sldrts.Due to the large delay variations 
. -. 
involved, each filter has a microwave equalizer of the circulator-
reactive-termination type, discussed in Chapter 3, incorporated 
with it in the satellite. With the rapid increases in the 
capacities of such networks, the requirement for a minimum. of 
intermodulation noise is resulting in very stringent 
constraints being placed on the allowable variations in group-
delay. High performance group-delay equalizers are required, 
therefore, at microwave frequencies, and a-considerable amount 
of work is needed if they are to be developed. 
• 
-------------c-----------~~--__o_------- - ---
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As was mentioned previously, the insertion-loss and 
group-delay of-a minimum-phase filter are interdependent, 
theoretically one is t~e differential with respect to 
fre~ency of the Illlbert transform of the other. The milrl.mum-
phase label is used to signif'y that there are no zeros of the 
transfer function of: the filter in the right half of the 
complex frequency plane. If, however, zeros of the- transfer 
function are allowed on the right half-plane, the insertion-
loss and group-delay can be separately specified. Such a 
filter is' known as a non-miniI:tum-phase fU ter, and these have 
r~cently received a great deal of attention2 ' s. _ Such filters 
are inherently superior to a filter-equalizer combination, 
'since the cavities have similar unloa.ded Q IS. As the absorptive 
loss of a filter is proportional to the group-delay, the non-
minimum-phase' filter can be designed to have both a constant 
. . 
absorptive loss, and a constant group-delay over much of the 
passband. On the debit, there is the difficulty of designing 
and setting up such filters, the synthesis techni~es still 
being in a formative stage. If such filters achieve. their 
predicted performances, the requirement for micr~~ave e~alizers 
is satellite ne~~rks will not be so urgent. 
A second field where such equalizers may be of importance 
is in communication links using overmoded circular waveguides' 
at millimetric wavelengths. Iilre, the use of bandwidths of 
the order of 500 MHZ necessitates the use of intermediate 
fre~encies in the lovrmicrowa.ve, region. Due to the dispersion 
of the overmoded waveguide, large repeater separations can 
result in an appreciable variation in group-delay'over a 500 MHZ 
bandwidth. Iilre. then, we hav:e a requisite for an equalizer 
operating in either the millimetric band or at lower microwave 
frequencies. The effect of group-delay on signal deterioration 
9 
can be reduced by utilizing some form of pulse-code modulation, 
but if very low error rates are to b.e attained, equalization 
JI1USt be used. A millimetric wavelength equalizer is discussed 
theoretically in Chapter 7, but at the present time e~ization 
at the intermediate microwave frequency looks more attractive. 
1.5 Disadvantages of operational equalizers 
The majority of the e~izers investigated in this report 
are fabricated in stripline form. A cross-section of the basic· 
transmission line is shown in Fig •. l.4, where the dielectric is 
either air, ·or irradiated polyolefin •. In later chapters it is 
shoWn that, for the equalizers studied, the insertion-loss is 
a function of the group-delay, increasing with an increase in 
group-delay, ana· vice-versa. This also appears to be true for 
all equalizers now in use, and so they depart from the ideal 
case in that insertion of them into a propagation path will 
alter the overall insertion-loss· characteristic. \Vhether such 
. changes are allowable depends on the applica~ion, and the 
'system designer must decide what type of equalizer, if any, will 
. meet his requirements. 
With the lumped-constant equalizers discussed in Chapter 2, 
it is not too difficult to obtain a well matched input and output. 
With microwave equalizers, however, the situation is more complex. 
Although the theoretical analysis may predict a perfectly 
matched device, the realization of this· condition may not be 
easily achieved. fure again, it may be that the system is such 
that an equalizer with a non-unity input VSII'R is acceptable. 
If not, isolating elements such as a circulator or isolator 
may overcome the problem. 
• 
di electric 
• 
FIG 1,4 The construction of stripline . 
------ ---
I . 
I . 
, 
, 
-----:-c-------c--c--- --------
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·2.1 Introduction 
Existing microwave equalizers can be divided into two 
categories: those devices which contain two independent modes 
of resonance, and those which do not; however, the division is 
sometimes difficult to applY to a device. The resonant ring 
discussed in Chapter 5, for example, appears at first to 
contain only· one mode of resonance, and it is only after 
experimental investigation that the tv/O orthogonal-modes are 
revealed. 
As the following chapters will show, it is, in general, 
more difficult to achieve good matches with the dual-mode 
equalizers than with the remainder, due mainlY to.the·latter 
usually being associated with non-reciprocal devices. 
The low frequency bridged-tee equalizer is dealt with in 
some length since it is used as a performance standard for the 
equalizers studied in later chapters. The oircuit used is the 
one incorporated in the majority of microivave ground links', 
although the use of lattice transformations can rearrange the 
elements into a number of alternative configurations. 
2.2 The low freouengr bridged-tee ecualizer 
The prototype lumped-constant equalizer used is the lattice 
section shown in Fig. 2.1. It has been shown 1 that the circuit 
has a purely resistive iterative impedance at all frequencies, 
and consequantlY, if. there are no losses, the insertion-loss is 
constant •. It is, however, more convenient to have. one terminal 
common to both input and output ports. Use of lattice 
transformations changes the above circuit into the one shown 
in Fig. 2.2a, the bridged-tee equalizer, which has terminal 
properties identical to those of the lattice section. 
Application of network theory shows that, when terminated 
'. , 
., 
, 
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in its iterative impedance, the voltage transfer function is 
given by: 
A (s - C1' - j W )(s - 0- + j w) 
.0
. (s + 0- - j w )(s + C1' + j W ) 
o 0 
(2.1) 
where s is the complex frequency, A is an arbitrary ,constant, 
and both 0- and Wo are constants determined by the component 
values o£ the circuit. The pole-zero plot o£ the transfer 
:t'unction, which is, incidentally, equivalent to S21for the 
circuit, is shown in Fig. 2.2b. 
Substituting a real freCJllency for s in equation (2.1):. 
s = jro (2.2) 
the phase of the transfer function,p is given by: 
. p = _ 2 tan - 1 [(w _ wo)/O-]- 2 tan - 1 [(w + wo)/o-] 
(2.3) 
For most equalizers, 
I Cl) - wol «CI)o » C1' (2.4) 
and so we can reduce equation (2.3) 'to 
We are effectively, therefore ignoring the contribution from 
the lower pole-zero pair. 
,The group-del~, t g , is given by 
tg = - d p/doo 
:. t '" 20- /[~ + (Cl) _ Cl) )2] g . 0 (2.6) 
By differentiating equation (2.6) with respect to (1), the 
maximum group-del~ is fourid to occur when w = w , and is 
. 0 
given by 
---------------'----------- .--~--
.. J 
.-
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The "bandwidth" is defined as the separation in frequency of 
the points where the group-delay is one half of the group-
delay maximum. Insert,ion of this condition into equation (2.6) 
shows that the two frequencies are given by: 
Cl) = Cl) + er 0-
(2.8) 
i.e. the bandwidth is 2er, and the product of the maximl.ul 
group-delay and the bandwidth is a constant. A group-delay Q, 
QD' is defined in the conventional manner as 
By substituting 00 = 0 and ~ into equation (2.5), the 
area under the group-delay curve,over this interval,is found 
to be 211: radians, irrespective of the values of Cl) and er. This 
. . 0 
property is made use of in Chapter 8, for when a given group-
delay characteristic is to be synthesized by a cascade of such 
equalizers, the equal';'areas property enables a rough estimate 
to be made of the number of equalizers required. 
A typical set of group-delay curves is shown ,in Fig. 2.3.· 
A point of importance is that the phase and group-delay 
characteristics of a true, lossless, all-pass network are 
determined solely by the pole-zero plot of the transfer function. 
This is of great help when dealing with cascades of such devices 
since only the two-parameter locations of the pole-zeros need 
be considered, the group-delay contribution from each section 
being completely specified by these two quantities. 
When the parasitic resistances associated with the inductors 
and capacitors are taken into account, it is found that the 
insertion loss of the circuit increases with an increasing 
group-delay. A second effect,. which is not so obvious, is that 
the inclusion of the loss mechanisms results in the group-delay 
being higher than its value for the lossless case. This effect 
is negligible for low values ofQD and losses, but can become 
group -
delay. 
• 
- . 
cs decreasing 
FIG 2.3 A family of group-delay curves 
I i . 
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appreciable fcr high values of Qn and losses •. 
In the transmission line equalizers to be discussed later. 
the losses can be incorporated in the cOtlplex: propagation 
constants of the transmission lines. If we assume a pole-zero 
plot similar to that of Fig. 2.2b. the complex: propagation 
coefficient is equivalent to shifting the imaginary freqUency 
axis of the pole-zero plot a distance along the real axis which 
is dependent on the attenuation coefficient. as shown in Fig. 
2.4. The operating point now is one such as p. and if it is 
assumed ~hat the lower pole-zero can be neglected. the phase 
of. the transfer function. p is given approximately by 
.. P ~ ':'tan-l[«O _oo)/(er_o()]_tan- l [(00 -IO)/(cr+o(») 
o 0 
(2.10) 
Differentiating equation (2.10) with respect to 10,· and sub-
stitutiIig 
the group'-delay is given by 
+ 
er + 0( (2.11)· 
The maximum of· group-delay is found to occur when II =·0, and 
is given by 
" 
(2.12) 
Thus, as the losses increase. so '" becomes greater. and the . 
maximum of group-delay exceeds its value for no loss. 
2.3 Microwave waveguide equalizers 
Pierce'!. was the first person to suggest using the cut-off 
properties of waveguide to produce a group-delay eqUalizer • 
. The device. shown in Fig. 2.5. consists of a circulator with 
one port terminated in a length of tapered waveguide. As the .. 
freqUency increases. so the wave penetrates further into the 
• 
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taper before being totally reflected at its cut-off dimension • 
By prodUcing a sui table taper, any' reasonable, monotonically 
increasing group-dela~ curve can be generated. 
TangS produces an approximate synthesis procedure based 
on the assumption that the wave is totally reflected at the 
plane of its cut-off dimensions. By replacing the taper with 
a large number of discrete steps, a good approximation to the . 
taper performance is obtained. The results, hOwever, show a 
marked ripple when designed for a linear grouP-delay curve, 
and Tang-offers no way of overcoming the discrepancies, Also, 
duo no doubt to a printers error, all values which should be 
in nanoseconds in his paper have been printed as microseconds. 
Woo4 approaches the problem from a slightly different view-
point. H!l uses the fact that a metal rod displaced from the 
centre of' a circular waveguide increases the cut-off frequencr.r 
of the TEll mode; the frequency increas~·with the displacement 
. from the cent~e. ms circulator term.ination~ therefore, consists 
of a circular waveguide of constant dimensions in which is 
supported a slanting metal rod. The position of the rod is 
perturbed by means of a series of strings arranged along the 
rod, thereby allowing a certain degree of variation to be 
_:introduced into the group-delay curve. As with Tang, -the 
synthesis procedure of Woo rests on the assumption of complete 
reflection at the cut-off dimension, and, again for a linear 
taper, the experimental and theoretical c~es have considerable 
. ripple. Since the ripple is worst at the higher frequencr,y end, 
the cause is probably due to the waves penetrating further than 
the cut-off dimensions, the presence of the end of the taper 
magnifying the effect. 
Both devices are dimensionally critical, and Tang's 
e~zerrequires the use of electroforming techniques. Similar 
• 
17 
work.to that of Tang, carried out by the G.P.O. 3 , has verified 
the need for dimensional tolerances of ~O.OOO3 in. The 
manufacturing cost of. such a taper, including the cost of the 
stainless steel mandrel on which the copper is eleotrodeposited, 
is approximately £800. Unless a given taper is required in 
quantity, the oost is a faotor which must detract from· the appeal 
of such an equalizer. 
Waldron6 oonsiders theoretioally the possibility of using 
backward waves, in a cylindrioal wave guide oontaining a . 
ooncentrio dielectric rod, to obtain a linear delay oharacteristic •. 
The delay variations obtained, however, are non-linear, and of 
the wrong slope. to be of practical interest. This, coupled 
with the problem of effioiently launching the necessar,rmode, 
renders the devioe of little interest • 
. We now turn to the equalizers which contain two modes of 
oscillation, the majority of which are de.scribed by COhn".in 
his patent paper. 
Merl0 8 analyses a waveguide version of the direotional 
coupler-resonator equalizer shown in Fig. 2.6. In this devioe, 
the two modes of oscillation are contained in two separate 
resonators, the arrangement being such that the two waves. 
reflected froll the resonators back to the input are in anti-
phase, and so cancel. Llerlo shows theoretically that for a 
single cavity termination, the group-delay charaoteristio is 
similar to the bridged-tee equalizer. If, therefore, an. 
arbitrar,r d.elay characteristic is to be synthesized, a separate 
directional coupler is required for each equalizing seotion -
a constraint whioh results.in heavy, bulky equalizers. 
Furthermore, as will be shown with the h;ybrid-ring equalizer, 
the cavities must be identioal if a high input rej;urnloss is 
to be obtained. Llerlo also considers the use of multiple 
J 
directional 
/j Lo' coupler 
• 
. ,I, 
FI G 2· 6 The directional-eau pIer-resonator 
equalizer 
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resonator terminations to obtain more general delay curves, 
and this problem is investigated further in Chapter 3. 
The wave guide version of the orthogonal-mode resonator 
. 
equalizer proposed by Cohn is investigated by Abele and Wang9. 
This consists of a cylindrical cavity connected to the broad-
wall of a waveguide section by means of a coupling hole at one 
end. This aperture is situated at a point on the broad wall 
where the TE:t,o mode in rectangular guide has a local circularly 
polarized field, which excites the two orthogonal, degenerate, 
~,l,l modes in the resonator. The analysis performed by the 
authors is based on small aperture thear,y, however the,apertures 
, required to achieve low enough Q' s are large enough to render 
the theory inapplicable. A large screw beneath the coupling 
hole to increase the coupling, and tuning screws in the 
resonator, produce a tunable but very narrow-band. equalizer. 
A further discussion is given in Chapter 4, where the 
experimental results obtained from buildiIlg such 'an equalb:er 
are presented. 
2.4 Microwave stripline equalizers 
The first stripline equalizer to be investigated was thQ 
Jvbrid. ring-resonator combination shown in Fig. 2.7. Ferguson 
and Barrett~O produce point-by-point measurements of the 
group-delay. Due to the low accuracy of the measuring 
equipment, however, the results give little information, and 
no theoretical analysis is presented. The equalizer is 
discussed in some detail in Chapter 6. 
Jones and Bolljahn~~ investigate theoretically the strip-
line device shown in Fig. 2.8a. This consists of a quarter-
wave directional coupler",with two of the ports shorted 
together. They show that the device is an all-pass network 
• 
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with anon-linear phase characteristic. Steenaart~3 also 
examines the theoretical properties of the device, and extends· 
the analysis to include several couplers in cascade with the 
. 
short on the extreme end. fu shows the equalizer to have a 
pole-zero plot similar to that of Fig. 5.2, the group-delay 
curve in the vicinity of the first resonance being similar .' 
to Fig. 2.3, with the coupling, a', being shown increasing.· 
Cristalia considers the question of synthesizing an arbitrary. 
delay characteristic with such an equalizer, whilst Kolkeru . 
cO!1lputes the insertion-loss of the device when the losses are 
included. Yamamoto et al '8 consider the case where the 
coupling varies along the coupled length; the solutions, 
however, are derived only for special coupling distributions. 
The meander-line, first investigated· as an equalizer by 
Dunn~7, consists of a cascade of the above coupled transmission 
lines in·the form of a meander, as shown in Fig. 2.8b. The 
pole-zero plot for a single turn is that of the above coupled-
strip equalizer. The delay variation per section for this 
device is very small, and manvr identical sections must be 
. cascaded in order to obtain reasonable delay variations. 
Bewitt~8, presents an experimental equalizer with a linear 
delay characteristic of 300 nsec increment over a 600 MEZ 
bandwidth at 1 GEZ. The construction used. is ~ form of strip-
line with the broad-face of the central conductor perpendicular 
··to the ground planes, thereby increasing the maxill\Ull available 
coupling per turn when compared with the coplanar construction • 
. This construction .technique is used by Tu, but is of little use 
above about q. GEZ due to the dimensional accuracy required. 
The resonant rini equalizer described by Colm 7 , is shown 
in Fig. 2.9. Colm suggests that it is a stripline equivalent 
of the wave guide equalizer studied later by Abele and Wang. 
ring /'0 in circumference 
'':. 
... 
' . 
input (L ___ r--------... __ ---.J\ output 
. . -'~-V4 ----. 
FIG 2·9 The resonant ring equalizer. 
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An extensive investigation of the properties of this device 
is presented in Chapter 5. 
2.5 Conclusions 
As a result of the survey,. an investigation of the 
following devices was undertaken: 
a) the orthogonal-mode waveguide equalizer considered by 
Abele and Wang9 
b) the circulator-reactive-termination equalizer 
c) .the resonant ring equalizer 
d). the hybrid-ring equalizer. 
• 
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3.1 ' Introduction 
The 'basic circulator-reactive termination equalizer 
is shown in Fig. 3.1, where Z(s) is a purely reactive 
impedance in the complex frequency domain, s. The impedance 
level is assumed normalized to the characteristic impedance 
of the input ,and output of the circulator. The reflection' 
co-efficient, V, of the termination may be written: 
V = Z(s) -1 
Z(s) + 1 
Due tO,the non-reciprocal properties of the circulator, the 
, reflection: co-efficient ,of the termination is identical with 
the transfer function of the complete device,if' the circulator 
is ideal. 
If Z(s) is to be physically realizable, it must be the 
, . 
ratio of, two polynomials of even and odd ,degrees respectively: 
Z(s) = Clo(S)!qe(S) [or ~e('S)/'olS)l (3.2) 
where q(s) ls the even polynomial 
,  . 
,Clo(s) is the odd polynomial 
The transfer function, T, now becomes 
T = Clo(s) - qe(~) 
qe(s) + ~(s) 
= - g(- s) 
g(s) 
" 
where, by definition:L, g(s) must be a Iilrwitz polynomial, and 
must have, as its rects, the poles of the transfer function. 
The synthesis problem is therefore quite straight forward. 
Firstly the locations of the poles and zeros of a cascade of 
simple equalizers, each contributing two conjugate poles and 
two conjugate zeros, which approximate the desired equalization 
curve are computed. The method of computation is discussed more 
fully in Chapter 8. The poles of the resulting pole-zero plot· 
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are th~n taken as the roots of the EUrvdtz polynomial. 
and. by expansion Q(s) found.. By separating the even 
and.. od.d. parts of Q (!l). ~ (s) and. qo (s) are obtained. and 
hence the required impedanceZ(s). 
In principle the impedance.can be realized by normal 
network techniques. in the form of a ladder network. and. 
the resulting configuration approximated in co-axial form 
by cascaded loo and high impedance sections - in a similar 
manner to that used. in the construction of low-pass filters 
'(see se~tion 9.1.4a). It is found. however. that to obtain 
the necessary impedance values. impedance transformers 
which are very difficult to build must be used. The.basic 
problem is to synthesize a general microwave impedance. and 
so far no· acceptable procedure has been forthcoming. 
In the following sections various forms of terminating 
impedances are considered. and their group delay characteristics 
computed. and measured. . 
3.2 The tapued-resonator-termination 
The tapped-resonator is shown. with the upper ground."; 
plane removed. in Fig. 3.2. ·The. d.evice was constructed in 
stripline form. with an air dielectric to reduce losses. 
The resonator was one wavelength long. with adjustable short 
circuits at both end.s. to enable the resonant frequency and 
tapping point to be changed. 
3.2.1 Theoretical investigation 
. The input impedance. Zin of the resonator at the tapping 
point is given by 
coth s ~ hO + coth (1 - k) ~ he 
o o 
. 
"." 
• 
----------------------------------------......... . 
• 
FIG 32 The topped- resonator termination 
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where c is the velocity of electromagnetic radiation in air 
k is the tapping fraction, always less than 0.5, defined by 
. , 
k = distance from erid. of resonator to tapping point 
total length of resonator 
AO is the resonant wavelength 
. ~ is the characteristic impedance of the line used for ".the 
resonator. 
The reflection coefficient, V, is given by 
V = ~z _ coth s k A - ooth s (1 - k)'Ao· 
o - 0, -c c 
~z + coth SEA + coth~ (1 - k)AO 
"0 . c 0 c 
where Z is the characteristic impedance of the input line. 
o . . 
Taking the.numerator, the zeros of the reflection coefficient 
are given by the solution of 
1R - ~oth s k 'A - coth s (1 - k) 'A = 0 
- - 0 - 0 
Z 
o 
c o " ". 
for the complex variable s. Putting s "= x + jy, and 
expanding equation (3.6) into its real and imaginary parts, 
we have 
[cosh~ 
00
0 
cos bt - cosh (1 0;; 2k) ~ cos (1 .. 2k) ~ ]-
00 00
0 
00 
o 0 
.- sinh~cos~ _ 0 
00
0 
00
0 
1 ~ [ s100 ~ sinbt - sinh (1 '" 2k) ~ sin (1 ;;. 2k) ~ J -
2 ;- 000 000 000 .. oo() 
o . 
- cosh ~ sin~ = 0 (3.8) 
00 " 00 
o 0 
where 00
0 
is the resonant frequency. 
Since there is no simple analytic solution for x and y 
from these simultaneous equations, the problem is best tackled 
numerica1ly.A two-variable Newton-Raphson iteration procedure 
27 
was used, with initial values of 0 for x, and ro for y. 
o 
Some of the results obtained for x for various values of k 
are shown in Fig. (3.3). It was found that for most 
praotical values of'k, the deviation of y from ro was less 
. 0 
than 0.1%. Fig. (3.3) shows that if the value of x is to 
be ~latively insensftive to changes in k, then Za/Zo must 
be low. This is a reasonable conclusion, since, for a given 
tapping point, as Z-/Z decreases, so does the loading effect, 
-R 0 . 
thereby increasing the loaded Q of the resonator, ar~, 
decreasing x. 
So far, only the one-wavelength resonance of' the resonator 
has been considered,· i.e. the frequency where the length of the 
resonator is one wavelength. It is interesting, however, to 
consider the complete pole-zero piot of the transfer function 
(or reflection coefficient) in order to compare it with those 
of equalizers considered in later chapters •. The general form 
of the plot. is best found from an intuitive argument. The 
electric field magnitude is shown in Fig. 3.4 for·the first 
five resonances. The tapping point is considered fixed at a 
value which lightly loads the one-wavelength resonance. As 
the frequency increases, on the odd half-wavelength resonances 
the loading decreases, and on the even half-wavelength 
resonances the loading increases. The pole-zero plot of the 
transfer function is therefore similar to that shown in 
Fig. 3.5. 
.. 
This pole-zero plot is rather complex. It is therefore of 
interest to see if it can be simplified in a manner similar to 
that used for the resonant-ring equalizer in section 5.2 •. The 
worst expected case was used in the analysis, with a tapping' 
fraction of k = 0.47, ~Z~ = 1.0, and a full-wavelength 
resonance at 4 C}Bz •. The value of E for the full-wavelength· 
·~ 
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zero was 0.035 and for the half-wavelength zero was 1.091, 
~ 
the two differing by a factor of 301 The analysis showed 
a worst possible delay error of 3%. .As explained in 
section 5.2, however, this is an error. in the absolute 
delay; errors in the delay variation across the band have 
.beencomputed to be not greater than 0.38% of the above. 
error. Thus the actual error limit expected is 3 x 0.0038% 
or 0.01%. a very small quantity. In conclusion. for the 
computation of group-delay variations over a ten-percent 
bandwidth. the simplified pole-zero plot consisting of 
only the pole-zero pair labelled 1 in Fig. 3.5 is quite 
adequate for most purposes. 
A computer programme was written to evaluate the 
variationS in group-delay with frequenqy for a given resonator 
impedance and tapping point •. Thegroup-delay was computed by 
stepping to.each side of the frequency of interest by a small 
increment, and evaluating the phase shift thrO'lgh the device 
at the two points. The group delay was. then obtained by 
dividing the difference in phases by the sum of the frequency 
increments. This form of numerical differentiation was 
found to be quit~ adequate. The effects of losses were 
included in the analysis, and Table 3.1 compiled for the 
case 00 = ~ GHZ, Z-, = 1. tapping point 0.~7: 
o LY'Z 
o 
.. 
," 
Attenuation 
coefficient 
(nepers/m) 
0 
0 
0.01133· 
0.0031 
0.001 
0.00203 
0.00303 
0.00403 
0.006 
0.018.3 
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Table 3.1 
Frequency 
iricrement 
(!.1Hz) 
1.39 . 
2.78 
2.78 
2.78 
0~1 
0.1 
0.1 
0.1 
0.1 
0.1 
Group-delay 
at 4 GHz· 
en"""") 
14.2224-5 
14.16942 
19.06423 
14.27510 
14.25146 
14.28672 
14.34425 
14.42531 
14.65717 
19.79914 
From this table the following conclusions were drawn: 
! . 
(1) The frequency increment has little effect on the group-delay. 
The tapping of 0.47 gives .the largest Qn likely to be used.in 
practice, and at an increment of 2.78 !.1Hz the error was only 
. 0.1 .nsec. 
(2) As the losses increase, so does the group-delay. This verifies 
the results of section 1.5. Also, the delay is a more sensitive 
function of loss tp.!3n it is of' frequency increment • 
.3.2.2. Practical measurements 
""---:-' . 
The constructed termination is shown, with the top ground-
plane removed, in Fig • .3.2.· The positions of the short circuits 
to give a resonance at 4 GHz, and tapping values of 0.42 and 
0.47, were calculated. The reactive effects of the tee-junction 
. 
. ", 
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were allowed for by using the recommended equivalent circuit 
of Franco and 01iner2 to compute the positions of the 
. reference planes. The short circuits were positioned to 
within 0.001 in. by means of a travelling microscope, and 
the following results obtained. 
With 0.45 tapping, the theoretical and measured group-
delay curves are shown in Fig. 3.6. The curves agreed to 
within the .± 0.3 nsec accuracy of the measuring equipment •. · 
The insertion-loss curve was similar in shape .to the group-
delay curve, ana reacned a maximum of 0.6 dB. By using a 
microwave frequency counter, the frequency of. the maximum of 
group-delay was measured as 3998.88 MEZ. The predicted 
frequency, using the appropriate value of y found in section 
. 3.2.1, was 3997.94 MEZ - extremely good agreement. 
B,y altering the positions of the short circuits, the 
tapping was altered to 0.47. The measured and computed 
group-delay curves are shown in Fig. 3.7. The agreement 
between them was again wi thin the accuracy of the measuring 
equipment~ The measured peak of insertion-loss was 1.6 dB, 
. and. the frequency of the group-delay maximum 4-001.58 MEZ. " 
The computed frequency of the maximum was 3999.752 MEZ. 
3.2.3. Conclusions 
It has been shown that the tapped resonator, when used 
as a terminating reactance on one port of a circulator, 
produces an easily adjusted single-section equalizer. The 
device is capable of being accurately described by a pole-
zero pair near the one-wavelength resonance, and so can be· 
used at microwave frequencies in exactly the same manner as 
is the bridged-tee equalizer at lower frequencies. 
The major disadvantage of the device is that for each 
single-section a separate circulator is required. This 
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results in a multiple section equalizer, which is formed 
. as a cascade of such single sections, being bulky, rather 
expensive, and lossy • 
. 
3.3 The interdigital terminaticn 
Nichclson and Powe1l3 have shown that the termination 
of Fig. 3.8a has a group-delay characteristic similar to a 
single-section equalizer; and that for certain spacings, the 
termination of Fig. 3.Bb behaves as two separate single-
section equalizers in cascade. ~ considering the admittances 
of the digits, transformed to the input, it is found that the 
range of equalization possible is severely limited. A four ' 
digit equalizer, shown in Fig. 3.9, has been built; the group-
delay curves obtained, however were unpredictable and were' 
rapidly varying functions of the digit positions. 
A slight variation of the above work yields an inter-
digital termination, shown in Fig. 3.10, which is similar to 
the interdigital filter proposed by Matthaei4. 
The interdigital structure was investigated for use in 
equalizing individual band-pass interdigital filters. Such 
filters are extensively used due to their compact form. 
With one filter per channel; th~ majority of the group-delay 
v~iation in a satellite for example, is due to this single' 
filter. If a compact equalizer, such as is obtained by 
using a circulator with an interdigital termination, can be 
designed as an integral part of the filter, the amount of 
predistortion required at the ground station will be 
considerably reduced. 
The synthesis techniques required for deriving an 
interdigital filter from its low-pass prototype have been 
well documented for square and round ~gitS.4'· 5. Since the 
low-pass to band-pass transformation used in the synthesis 
transfonner 
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,. ' .. 
.... side-view 
, 't', 
., ' .. 
: ./'" . 
,: ':" .,,1 ' ... '. 
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transformer digit 
- _. 
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is almost linear, there is the possibility that an equalizer 
for the prototype filter will, after the same transformation, 
also equalize the band-pass filter. Since the prototype 
. 
equalizer can take the form of a ladder network, terminating 
on one port of an ideal circulator, the filter synthesis 
technique can be slightly modified to yield an equalizing: 
interdigital structure with a circulator. A design procedure 
, for such a filter-equalizer combination can be summarized as 
follows. 
(a) Compute the elements of the low-pass filter prote-
type which satisfies the required insertion-loss characteristic. 
(b) Compute the group-delay of the filter prototype over 
the normalized frequency interval to be equalized. 
(6) Using optimization techniques' (Chapter 8), obtain 
the pole-zero plot of the required prototype equalizer. 
(d) Synthesize the ladder network termination which 
realizes the pole-zero plot (section 3.1) using a Cauer 
, expansion. 
(e) Convert the filter and equalizer ladder networks 
to their equivalent interdigital structures. 
(f) Analyse, the final filter'- equalizer combination. 
A computer progranune has been written to perform the 
'above steps. The results of a typical trial problem are 
shown in Fig. 3.11. A nine section, 0.1 dB ripple, 
Tschebyschev filter was chosen, with a pass band from 3.9 GH'z 
to 4.1 GHz. A group-delay tolerance of .± 0.3 neec was set 
over 0.8 of the pass band, i.e. 3.92 GH'z to 4.08 GHz. The 
group-delay curves of the filter and filter plus equalizer 
are shown in Fig. 3.11. The dimensions of the filter and 
equalizer are summarized in Table 3.2. 
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- FILTER ~UALIZER 
-
, DIGIT CCUPLING DIAM LENGTH GAP DIAM LENGTH GAP 
GAP (ins) (ins) (ins) (ins) (ins) (ins) 
- --
-
0 0.266 0.738 0.258 0.738 
1 0.152 
-
0.111 
-
1 0.181 0.595 0.175 0.607 
2 0.44-3 0.396 
2 0.189 0.567 0.189 0.568 
3 0.489 0.502 
~ 
3 0.189 0.566 0.188 0.566 
4- 0.4-98 0.582 
4- 0.189 0.566 0.058 0.651 
5 0.501 
5 0.189 0.566 
-
6 -0.501 
- I 
6 0.189 0.566 
• 7 0.498 
7 0.189 0.566 
8 0.489 
8 0.189 0.566 
9 0.44-3 
9 I 0.181 0.595 
10 0.152 
10 0.266 0.738 
Table 3.2 
--.- ..... 
----------------------------------
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Since the £ilters used in satellite work have bandwidths 
of· only 40 MHz, work was done to try to equalize such filters. 
It was £ound that the above method. broke down. This was due 
. 
to the end digit of the equalber being such a distance from 
its neighbour that the coupling capacitances could not be 
. accurately computed. There is also the problem of setting 
up such equalizers. Interdigital filters are tuned up by 
varying the end capacitances of the digits with tuning screws 
until the necessary V.S.W'.R. curve is obtained. Such a 
technique cannot be used for the equalizer structure. 
Conclusions 
Al though the use of interdigi tal equalizers looks 
promising £or medium bandwidth filters, the spacing between 
the digits precludes their use with narrow band filters. 
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4.1 Introduction 
A photograph of the orthogonal-mode equalizer, with the' 
cavity removed, is shown in Fig. 4.1. The cavity is excited 
. . .. . 
in the ~ll mode by ,the squar~ aperture coupling it to the 
,waveguide. The'aperture is placed in a position on the broad-, 
wall where the,waveguide has two orthogonal megnetic fields of 
equal magnitude, each one exciting one of the degenerate cavity 
resonances. 
, The similarity in operation between the resonant ring 
equalizer, described in Chapter five, and the above device" 
enabled ,the , source of,the poor results initiallY,obtained for 
the former to be located by comparison with the results for the 
latter. 
4.2 Design of the cavity and coupling aperture 
The cavity was designed for highest unloaded Q, with 
maximum frequenoy separation between the wanted resonance and 
other resonances. The design criteria have been outlined by 
Wilson et al 1 , and. the experimentally determined mode resonances ' , 
, of the designed cavity are shown in Fig. 4.2a. The cavity was 
designed for a center frequency of 6.1 GHz, and the optimum 
diameter found to be 1.663 ins., with a cavity length of 1.321'ins. 
The waveguide used waS WG 14, with internal dimensions of 1.372 insh 
by 0.622 ins., and the center of the exciting aperture was 
computed2 to be 0.337 ins. from the side wall of the waveguide. 
The presence of the two orthogonal modes for the ~ mode 
was shown by changing the coupling aperture from square to 
rectangular. This gave different loadings on the two resonances, 
and so removed their degener;l.cy by separating them in frequency. 
-<'< 
The frequency separation is shown in Fig. 4.2b. 
The design of the coupling aperture is purelY empirical. 
~ T"'-. 15,,, ~ ~ 4"':'14 4,20.,6 ~ h, u... ~ 
~~~lli~~, . 
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, ' ',' , ~' 
The design criteria presented by Abele and Wang are based' on 
small aperture theory, but, the large apertures required for, 
realistic values of' QD ~ due to the lowmagnitudes of' the 
electric fields near the waveguide walls - cannot be designed 
using this work. 
4.3 Experimental results 
The initial input V.S.W.R. of'the device, with no tUning 
screws in the cavity, reached a peak of' 2.5 at the centre 
frequency. It was found that by detUIling one of the resonances 
with a perturbing screw, a V.S.W.R. plot similar to that shown 
in Fig. 4.3a could be obtained. This result led to the use of 
tuning screws to improve the performance of the resonant ring. 
By using a second screw to introduce coupling between the 
degenerate modes, the input V~S.W.R. was reduced to that shoWn 
in Fig. 4.3b. 
The measured group-delay, using a waveguide version of' the, , 
apparatus described in Chapter 9 is shown in Fig. 4.4. No 
theoretical results are available for comparison. The peak 
dissipation-loss coincided With the peak of' group-delay, and 
was measured as 3.9 dB. 
4.4 Conolusions 
The construoted equalizer did 'not perform as well as the 
one reported on by Abele and Wang 2 ; the input V.S.W.R. was 
/ poorer, and the insertion-loss per nanoseoond at the centre 
frequency was 0.039 dEVnsec, compared with a reported figure 
of 0.015 dEVnsec. The increase' in insertion-loss was most 
likely due to the use of' brass in the construction of the 
cavity. 
The devioe is inherently very narrow band, and even 
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inclusion of a screw beneath the aperture to increase the 
electric field intensity, resul ts invery little reduction in 
. QDo This limits. the. use of the equalizer to cases .where 
equalization over very narrow band.widths is required, and so 1,1:. 
is of little general·use o 
I 
40 
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5.1 Theoretical analysis 
.. The resonant ring equalizer is composed of a ring, one 
wavelength in circumference at the centre frequency, coupled 
over a quarter of its circumference to a transmission line. 
The characteristic impedance of the uncoupled portion.of the 
ring is identical to that of the main transmission line. By 
var;ying the coupling between the ring and line, the loading on . 
·the ring is altered, and so the overall characteristics of the 
device may be adjusted. 
For the purpose of analysis, the resonant ring structur~ 
is split into two parts as shown in Fig. 5.1. The first step 
.is to describe the length of coupled transmission line by a 
matrix equation, thus: 
Vl 1 -\1 ~ -\3 
~r A21 A31 A41 (5.1) 
where the directions of the voltages and currents are defined 
in Fig. 5.1. Several methods are available for the evaluation 
of the matrix elementsl.,2,3,.4, but the derivation by Steenaart4 . 
is followed, since this yields the most useful form.· Fb obtains 
a matrix of the 'A' coefficients of the following form: 
cosh yL 0 A3 sinh yL P4 sinhyL 
0 coshyL P4 sinhyL A3 sinhyL (5.2) 
A1 sinhyL -A2sinhyL coshyL 0 
.-A2 sinhyL Al sinhyL 0 coshyL 
. where A1 = (Zoe + Zoo)/2zOe Zoo 
A2 (Zoe - Zoo)/2Zoe Zoo 
A3 = (Zoe + Zoo)/2 
Alr = (Zoe - 200)/2 
~~~~c--~~~c--~-----:-~~~-- - - ---- --- --
, 
14 
/' 
~·tv 4· 
~3 
FIG 5·1 The resonant-ring equalizer 
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Z. , Z are. respectively. the even 6ndodd-modech~racteristic . 
00 oe 
. impedances of the coupled lines. These are related to a 
'balanced' impedance. 
Zo =-V Zoe Zo~ " 
Z , by 
o . 
the two lines being assumed identical in width and in spacing 
from the ground planes. y is the complex propagation constant 
of the lines, and L is the electrical length of the lines. 
The length of transmission-Unecompleting the loop can 
be described by the matrix equation [ ::] • ~ ~Wy'L' - Z.' "My'L,] [ v.] -L silihy'L' . coshy'L' . Iq. (5.q.) , 
z' . . , 
0 . . . 
where Z' is the characteristic impedance of the line. y' its 
o 
propagation constant, and L' its length., 
The olily quantities required to complete the characterisation 
of the device are the source and load impedances, which we 
leave at ~ for the moment. 
For the analysis. let 
.y' -y 
Then by matrix expansion and rearranging, we obtain 
Vi = V-; (cosh e+ (Zoe + Zoo) silih e) + Iq. fl4. silih e (5.6) . 
~ 
From the equations obtained by expanding the matrices. 
expressions for V J/V -; and IJ/V 3 can be obtained, and 
substitution yields the input impedance 
ZIN = Vi = z... if and olily if 7_ =.,;z Z· = Z 
__ -r. -Loe 00 0 
lJ. . 
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If this condition holds, the device provides ~ perfect match . 
at all frequencies, since the variable a does not occur in the 
equations for ZrN'· Also, since exponential forms have been 
retained, the loss me'chanisms of the stripline may be . 
incorporated by using a complex propagation factor. Thus even 
with loss, a perfect match is maintained. 
Since the device is perfectly matched, and is symmetrical, 
from section 2.2, the- group-delay can be obtained from the 
voltage transmission factor, v;IV l' The expression is 
1 (5.8) 
cosh a + AI sinh a + .Jt A4- sinh e 
V --
3 
where 
A2 sinh a (Alsinh e + sinh -3a) + (cosh e - cosh 3a) ll2 sinh e 
Zo 
(cosh a - cosh 3a)2 - (Al sinh a + sinh 3a)(A3 sinh a + Z sinh3 
. z - 0 
o 
(5.9) 
Expanding the trigonometric expressions, and simplifying gives 
~ = [- 8(1 +A~sinh2 a. (A - 3)2J {COSh a[(4B2 + BA + ~)sinh2 a + 
2] [ 2 2 - J + (A + 3) _ - sinh a 4(A + 1) sinh a + (3A + l)(A +3)] 
= N(a)/n(a) 
where A = (z + Z . )/2Z 00 00 0 
B = (z - Z )/2Z 
00 00 0 
Consider fi~st the numerator of equation (5.10) 
N( a) = - 8(1 + A)sinh2a - (A + 3)2 
If we define 
N(p) . 
(5.io) -
(5.11) 
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= . - CA - 1)2 [p + (A + 3)] [p - (A+ 3)1 
(l-l) . (A-1) (A-1)J 
·(5.12) 
Similarly. we factorise the denominator of equation (5.10) 
[. 
p + CA +3tl rp + CA + 3) ] 
(A - 1) J L (A - 1) 
B.r combining equations (5.12). (5.13): 
t 
~ = 8(1 + A) Ii.:....tJ rp - (A + 3)/(A - l)J 
.. V1 (A - 1)2 [:. + p J ~ + (A + 3)/(A - 1) 
(1 + p) 
·To reconvert this equation to the complex a plane. let us 
consider the major factor in the numerator: 
p - (A + 3)/(A- 1) 
i.e. tanh a - C 
where C is a constant greater than one. 
Let C = cothG, where a isa real constant. The factor 
is now (tanh a - cotln). Carrier. Y-rook. and Pearsons show 
that the following expansions are true: 
sinh Z = Z I 00 1 (1 + Z2;n2l) 
n=l 
. co 2· 1 2 2 
cosh Z = "Tt (1 + Z /(n + /2) ?t ) 
n=l 
Since (tanh a - coth:!.) = - cosh (a -G) 
cosh a sinh G 
substitution of equation (5.15) yields 
tanh a - coth G = . -Tr: 1 + (a - G)2/(n + 1/2)2?t2 
n-1 
co .. 
(5.16) 
cc TT (1 + a2/n2?t2) TI (1 +a 2/(n +1/2)2i) 
.n=l n=l 
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SiJailarly, by transforming the denominator, equation (5.14) 
becomes 
t ~. =. 8(1 + A)2 r~ - tanh6J' 
V1 (A - 1) Ll + tanh e TI (6 - Cl. + j(n + 1/2)?t)( 6 -Cl. - ,j(n+ 1/2)?t} 
n = 1(6 + Cl. + j(n + 1/2)11)(6 + Cl. _ j(n+ 1/2)11) 
Thus the pole-zero plot of the resonant ring is obtained, as 
shown in Fig. 5.2. 
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S.2 ... Sj.mplification of the pole-zero plot 
Let 6 be purely imaginary, 
From equation (S.17), 
(S.18). 
For most microwave problems, the fractional bandwidths are 
small compar6d with the centre frequency. Let us therefore put 
.~ = ~2 + 8, i.e. a deviation of 8 radians about the centre 
fre quency. . 
co . 
= - 'It - 20 - L 
n = 0 
(S.19) 
Referring to Fig. S.2, the summation to give the phase can be 
. Summing all such contributions, we have: 
Arg(V-/Vl) :!>: - 'It - 28 - 2tan- l(8/a.) - 2~tan- 1[25/a. . J 
. . n-=t . 1 + (n:;;;7 a.) 2 
(5.20) 
Differentiating equation (S.20) with respectto~8, 
- 2 - 2a._ a.~. .::1_+~(n,I:::rl.~a.)!..2 __ ,..-__ 
2;;Z . n-=-i 2 [ J2 
. a. + - a. 1 + (my'a.)2 /4; + 82. 
(S.21) 
----------,--------------- - ,--
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As it stands, it is difficult to deduce anything about the 
convergence properties of the infinite series in eqn (5.21). 
However, the known 'relative magnitudes of the perameters 
involved can be used to simplif"y the series as follows. 
As, the coupling of the resonant ring to the main line 
increases, the QD'of the resonator' decreases, i.e. Gin Fig., 5.2 
increases. The maximum coupling expected to be used iawhen Zoe ' 
~ 100 n, Z ~ 25 n, and this gives 00 , 
= 0.0588 
2 (_I 2 ' -,~ 1 + (nrn/G) > 1+ '~G) = 2,850 (5.22) 
Cauchy's integral test can be stated as follows. 5 
.. , , 
Let n>= :1 an be a series of positive terms such than an + 1 < an· 
If there exists a positive decreasing function, f (x), for x > 1 
such than f(n) = an' then the given series converges if the 
integral 
[ f(x)ax 
1 
exists; the series diverges if the integral does not exist. 
Further, if" the integral exists, 'then 
eo L an ~ J: f(x), ax 
n=l 
Applying this to the problem, let x = n. 
Since this function cannot be easily integrated as it stands', 
the inequality of equation (5.22) can be used to give 
(x~G)2 » 1 (x ~ 1) 
since for a ten percent bandwidth, or less, 
,----,--------,---,-----------------
f(x) ~ .;. 
2 2 ?t X 
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:. J:. f(x) 
2 2 2 . 2 
a, [1 + (n?l/a.) ] /4 + 0 
. 2 [1 + (nT/a.) ] 
From equation (5.21), therefore 
ti 2 (a,2 + .2.) delay contribution from summa on ( __ u 
2 delay contribution from pole A ?to 
Taking worst case values, equation (5.24) shows that the 
percentage error in neglecting the summation is less than or . 
equal to 0.2%.· Since, in equation 5.21,Arg (VslV1), is the 
phase shif't through the device, and 0 is proportional to the . 
. real freouency, the differential. is proportional to the group-
delay. The above result shows th"t by neglecting all but the 
contributions from the pole-zero pair A, the result will differ 
from the exact one by less than 0.2 %. 
An even better accurac~ is obtained by including the pole-
zero pair B. Comparison with Fig. 2.2b shows that,. to a good. 
approximation, the resonant ring can be represented by a plot 
identical to that for .the bridged-tee equalizer, with the complex 
. s-plane linked to the complex a-plane by the following 
relationships: 
s = ~ +jQ. 
a = s t.. o 
4C 
where c is the electromagnetic wave velocity in the dielectric. 
:.s = 2aw 
...2 
?t . 
------------------------------------:--- -- --~ -
" 
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where 000 is the centre frequency of the resonant ring. 
It should be noted that if only the variation of group-
del~ with frequency is of interest, the error is much less 
than that given by equation (5.24). This is due to the fact 
that the contribution from the summation in equation (5.21) 
is almost constant over the bandwidth considered. Since, in ' 
the majority of cases, only the variation of group-delay with, 
,5 is of importance, it is to be expected that the error in 
calculating the group-delay variation USing a two pole-zero 
pair model will be much less than when calculating the 
absolute del~ using the same model. ,', 
An approximate value for the variation in the error term 
, with frequency can be deduced as follows. The error term, 
E ,is given by 
E, = Cl. ~ 1 + (n?r/CI.)2 
n = 1 -Cl.:,2".:::...[1~+'-.:(:J.n:...7r/-Cl.-)-=2-] ""!2/-4--+-0~2 
Using the same approximations as before, 
Extracting the frequency dependent term, E5 , and simplifying, 
.. 
16a.5 L. 
'lt4- n = 1 
1 
;J;: 
This term is zero at (.\)0' when 5 = o,and a maximum when 5 is 
a maximUlll •. If only variations in group-delay are of interest, 
then the error term of interest is, that which varies with 
frequency. 
~ . 
, 
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d l · _~ 4(0.2 + <2) <2 ~ relative e ay error _ v _v 
delay of pole A· 45· 
This is a maximum when <> is largest, and substituting in 
the typical values used previously, 
% error ( 0.00053 
The error is using only· the pole-zero pairs A andB to compute. 
the delay variations over the band is, therefore, insignificant. 
Since the synthesis of group-delay characteristics,using 
cascades of bridged-tee equalizers,is based on the simplicity· 
of the pole-zero plot, ·all existing synthesis techniques 
developed at. low frequencies can be directly utilized in the 
microwave region. For the purpose of group-delay computation, 
the transfer function can be written as 
i 
= - 8(~ .+A) f.l ~ tanh~l2 
. (A';' 1)2 b + tanheJ 
~ 6-a. - j1\l"2)( e - a. + j1\l"2)] 
li e+ a. - j1\l"2)( 6 + a. + j1\l"2) . 
(5.25) 
Transforming. equation (5.25) into thes plane, we. have 
~ = - 8(1 + A; II -tanh (Szr/2OOo~ x 
V1 .. (A - 1) . 1 + tanh (s,y2oo ) o . 
. ~ ~s - 2(J1JJj7t - jOOo)(s .;, 2=jt +;loo ~J 
(15 + 2= /7t -j )(s + 2= /7t + joo ) 
o 0 d. 0 
(5.25a) 
. which is of.the same form as equation (2.1) of the bridged-
tee equalizer. The group-delay of the resonant· ring can ' 
·therefore be completely specified by a pole-zero plot containing 
the two variables a. and w • 
. . 0 
L.._L..-'--__________________________________ . 
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5.3 Experimental results for co-planar coupling 
The technique used for obtaining the resonant rings and 
also the ~brid-rings described in the next chapter, was to 
selectively etch,by a photo-lithographic process, the copper 
coating bonded to a dielectric sheet. The masks for this 
were obtained by photographically reducing master copies cut 
on an "astro-foU" machine. The master copies have a dimensional, 
,accuracy of 0.001 in., and so if a ten fold magnification is 
used, the reduction will shrink this to 0.0001 inch on the 
masks. The masks were ~ade on a 'melinex' base, ana strain$ 
in this due to the processing can produce dimensional errors' 
of 0.001 in. A photograph of one of ,the master copies cut 
is shown in Fig. 5.3. 
The first equalizer made was designed to giVe a group-
delay variation of 9 nsec at a centre frequency of 4- GHz. 
The phase shifts at the corners of the ring were computed for 
full width mitres (Fig. 5.4a) using the anlaysis of Campbe1l7 and 
separately using that of lVier and Adams 8 • The two answers 
agreed to within one degree for each corner. Since the ring 
is designed to be one electrical wavelength in circumference 
at the centre frequency, at that frequency the circumfrential 
, phase shift is 360 degrees. If, however, the phase shift 
contributed by each corner is only known ,to an accuracy of, 
say, ~ 1 degree, the phase shift at the designed centre 
frequency may have 'a v9lue in the range 360.:!:. 4- degrees. 
The actual resonant frequency, therefore, may be up to 
4- x ioo/360 % of the design frequency away from the required 
value. For example, with a required centre frequency of 4- GHz, 
the 'above uncertainty could result in an actual centre 
frequency somewhere in, the range 4-;!; L x 4- = 4- ~ 0.044 GHz. 
360 
The resuits quoted are expected to be optimistic values, and 
FIG 53 An artwork master 
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so some form of fre quency turrUlg must be incorporated if the 
c orrect centr e f r equency is to be attained. To all ow some 
small adjustments to be made , t he double mitred c orner 
suggested by Vlier and Adams 8 was used at each corner of t he 
c oupled section (Fig. 5.4.c) , while the l ow r efl ection corner 
of Campbel l and Jones·, Fig . 5 .4b, 'vas used for the other two 
corners. The input V. S . I'I . R. characteris tic for this firs t 
equalizer r esembled that shovm in Fi g . 3. 3a f or the orthogonal -
mode equalizer. Colm has s uggested in his pat ent paper, 
although no proof is given, tha t the stripline ring can support 
t wo modes of r esonance . Element ary trigonometry shows t hat 
a travelling "ave can al~o be cons i dered as two standing v!aves 
of the same fre quency in quadrature both t emporally and 
spatially. Thus it is possible that ~70 standing waves on 
the ring are more fundamental in the action of the device 
than a travell ing wave , the latter be ing a special c ase when 
the ~yo standing waves satisfy the above ' conditions . Work on 
the orthogonnl- mode equalizer shows that the above V. S .W.R. 
c haracteristic is characteri stic of t he two s t anding waves 
having different resonant fre quencies . The ~vo r esonances 
c an not have t heir r efl ected components at the input cancelling , 
since t hey are at different frequencies , and s o the very l arge 
peaks in the V. S .W.R. curve result. Without the r esults of 
the waveguide e qualizer available for compari s on, it is 
doubtful whether the cause of the poor input V. S .Y/ . R. would 
have been appreciat ed, and indeed t he investigation was 
abandoned unt il t he similarity between the curves was 
r ealized. 
To investi gate this splitting further , an a ir-dielectric, 
t riplate stripline resonant r ing was designed and buLlt for 
opera tion at 1 GHz . A photograph of this device is shown, 
----,.- - - - -- -
/ __ - 0·50 
L--"<-~ 0·50 
0- Full width mit re 
-----~-----
r-+- 0370 
r---+-0630 
b - Low reflection mitre 
-------l 
------.:- -, 
I 
I 
c - Double mitred corner 
I 
I 
I 
FIG 5·4 Various types of mitred 
corner 
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with the upper ground plane removed, in Fig. 5.5. A series 
of 0.010 inch diameter hol es were drilled in the top pl a t e 
to t ake an untuned electric field probe , and the electric 
field distribution around the ring plotted. It was found 
t hat as the ring i s moved towards the main line , the two 
separate resonances converge , and as t hey mer ge , the input 
V. S.W. R. falls drastically. The field plots were t aken with 
the t wo r esonances well separated, one plot being t aken at 
each of the r esonant frequencies . The r esults of the two 
plots are shorm in Fig. 5.6. These clearly show t he 
existence of t wo independent standing waves on the ring , the 
nodes occur approximatel y at the centres of the r Dlg sides ; 
the nodes of one r esonance are separated by approximately a 
quarter wavelengt h from those of the other r esonance . The 
photogr aphs of Fig . 5 .7 show t hese r esults on a swept 
frequency basis. 
By careful adjus t ment of the position of the ring , t he 
i nput V.S.W. R. was reduced to a peak of 1.29, as shown Dl 
Fig . 5.B . Ibwever, with the high value of Qn inVOlved, giving 
a group-delay variation of 45 nsec , with a maximum Dlsertion 
l os s of 1. 9 dB, the input V. S .W. R. obtained seemed r easonable . 
A series of the 4 GI~ rings were etched, the direc t ions 
of the acid sprays Sh'tt;n~ to obtain small vari ations in the 
gap between resonator and line. For the designed device this 
gap was only 0. 0057 inches, and so was highly dependent on 
etching undercut . Such a ring , motmted in the t es t channel, 
i s shO'."m in Fig . 5.9. The dimensions of a number of rings 
were progressivel y altered to examine the effects on the 
performances of the devices . The results shrnved t hat the 
fre quencies of ~vo r esonances could be made to converge most 
easily by either including shunt stubs at the middle of the 
FIG 5·5 A 1 GHz resonant ring 
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ring sides, or increasing the width of one of the coupled 
strips. To carr,y out this work, a silver suspension, 
commercially named usilver dag". was used, and although· 
. 
rather 10ssy, its versatility was found to be very usefUl. 
It was found that by using small tuning stubs, the 
input V.S.W.R. could be redUced to give a peak of lessthsn 
1.4 for all the rings,. the overall shape of the curve being 
similar to Fig.. 5.8. . In one case, however, no tuning was 
required, even though the difference in coupling gap was 
only 0.0005 in. compared with that of .the poor. performance 
rings •. The measured group-d.elay of two of the rings, with 
slightly different gaps, is. shclI'Inin Fig. 5.10. The agreement 
between the theoretical and measured curves for the correct· 
gap, 0.0057 in., is within the ± 0.3 nsec measurement accuracy. 
The result of increasing the coupling gap by 0.001 in. can 
clearly be seen as. an increase in.~heQD' 
The material used in the construction of the resonant 
rings was copper clad irradiated polyolefin. The etching 
undercut can frequently be as large as thee thickness of the 
copper, or in this· case 0.0014 in, •...•. 
Ideally, a cross section of the coupled strips reveals 
two closely spaced rectangles. Due to the undercut. hCll'lever. 
the sides of the strips are no longer vertioal. and so we 
now have two trapeziums. The coupling for this oase is 
impossible to define, and even measurement of the·gap oannot 
be done with 8IIY degree of aocuracy. For this reason, and 
due to the relatively poor input V.S.W.R.B obtS.ined for a 
• • 
supposedly. perfectly matched device, an investigation into 
the effects 'of design errors and etching tolera.nces, detailed 
in the next section, wa·s undertaken. 
In section 5.4 it is shown that the presence of the corners 
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in the ring is theoretically undesirable, unmatched corners 
leading to very high input V.S.W.R.'S for the whole device. 
As a consequence of _ these results, the circular resonant 
ring, sho~cn in Fig. 5.9, was designed ,and constructed. The 
results were very disappointing, the input V.S.W.R. still 
exhibiting large peaks, and the resonant frequency being too 
high. The second of these results was expected, since the 
electrical length of the ring was computed from the mean 
circumference. Due to current crowding, the electrical length 
is less that the mean circumference; however a li terative 
, search revealed no applicable work available on this phenomenon. 
The investigation outlined in Appendix 5B was therefore under-
taken, and the results give a' fairly accurate method of 
computing the electrical length of a stripline bend with a 
small radius of curvature. The second major problem, that of, 
characterizing the curved section of coupled line, has remained 
unsolved, and so no:-general conclusions can be drawn about this 
type of resonant ring. 
o 
5.4 Theoretical analysis of effects of errors 
The simplification of the matrix equations (5.1) and 
(5.2) was due to equation (5.3). If however equation (5.3) 
does not hold, or if the coupling section is not a quarter 
wavelength long, the performance of the ring may be: drastically 
altered. 
If the assumptions are not made, the resulting equations 
are so complex that recourse must be made to a digital 
computer for their solution. It is found that small deviations 
from a quarter wavelength in the coupling section have a 
negligible effect on the group-delay, and the device,remains a 
perfect match. Variations in the odd and even mode impedances, 
57 
however, produce quite drastic changes •. The correct values 
for the od.d and even mode impedances for the device 
considered were 35.7140 and 70.000 respectively •. It was 
found that a change in values to 35.50 and 69.20.respectively 
produCed a V .S. W .R. peak of 1.4,· as shown in Fig. 5.11. Such 
a change in impedance·values requires an alteration in the 
vddth of the gap of only 0.001 in. To obtain low values of 
input V.S.W.R •• therefore, extremely tight tolerances must be· 
held. A further variation to 30.00 and 75.00, respectively, 
showed the V.S.W.R. peak dividing, as seen experimentally. 
A qualitative explanation for this behaviour is easily 
obtained if the coupling section is .considered simpiy as a 
2 directional coupler. If Zoe Zoo = Zo ' the condition for the 
coupler to have infinite directivity is satisfied, and there 
are outputs from two of the ports only. If the condition is 
not satisfied. however, there is an output· from the third part.· 
Port 2in Fig. 5.1 corresponds to one of the main outputs. 
whilst port 4 is ideally de coupled. If .there is an output 
from port 4, this will couple a signal out of port 1, and as 
the resonance condition is approached. this signal will . 
increase to a maximum •. thereby degrading the input V.S.W.R. 
It' the product Zoo· Zoe differs from Zo2 • there will be an 
impedance discontinuity, or mismatch, at the outputs from the 
coupling section. There will therefore be a discontinuity at 
two corners of the ring. Fig. 5.6 shows that these corners 
occur where the amplitudes of the two standing waves on the 
ring are significant. Coupling will therefore occur between 
the resonances, and so their resonant frequencies will. differ, 
. the frequency difference increasing as the mismatch increases. 
The equivalent tee-section for a stripline corner is 
shown in Fig. 5.12. By considering the open-oircuit and 
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short-circuit impedance, the condition for a perfect match 
is found to be given by 
= Z 2 
o 
(.5.26) 
To determine the value of ~ from the curves of Campbell and 
JOMS 9, two large ,and nearly equal numbers mUst be subtr.acted. 
The resulting inac=acy makes it difficult to. verify whether 
a given mitre satisfies equation (.5.26). 
A computer programme was written in which the tee 
elements of the corners ,vere included. By slowly varying the· 
corner parameters in such a manner. that equation (5.26) no 
longer held, the effect on the input V.S.W.R. of reflections 
at the corners could be studied. The results obtained are 
shown in Fig.·.5.13, where the corner perturbations are 
represented by the equivalent V.S.W.R. of the corner, 
equation (.5.26) giving the conditions for a perfect match. 
Curve d, which is for four full-width mitres, shows the 
input V.S.W.R. splitting into two peaks, similar to those 
observed experimentally. Even for curve a, where two 
corners are perfectly matched and two have a V.S.W.R. of 
only 1.02.5, a V.S.W.R. peak of 1.9 is reached. All of the 
=ves shown are for a coupled section with Z = 70.000, 
. oe 
. 
The results presented here have shown that, not only 
must the coupled section be dimensionally accurate, but the 
four corners must have individual. V.S.W.R.s very close to 
unity if good V.S.W.R.s are to be obtained. The problem Of 
the corner.s can be avoided by using a circular ring, as 
shown in Fig • .5.9. 
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5.5 Relative merits of co-planar and broadside coupling 
The devices so far described have had the resonant r~ 
and main line in one plane, parallel with the ground planes. 
A second possible method of construction is that suggested by 
Shelton10 with the coupled section made of broadside coupled 
strips separated by a layer of dielectrio. Suoh an equalizer 
is shown,with the upper dielectric layer removed, in Fig • 
. . 5.14, where the lower coupled strip Can be seen to slightly 
overlap the upper. 
The analysis given in Appendix 5A shown that, for the 
case of Zoe = 700, Zoo = 35.70, a 0.0005 in. reduction in the 
width of each strip on their coupled sides results in a 
variation in Zoo' Zoe for the co-planar. coupling four times 
the value of that for broadside coupling. Thus as far as the 
coupling section is concerned, the broadside coupling is more 
insensitive to etching tolerances. Unfortunately, ·this relative 
insensitivit,y means that there will be considerable, and 
unpredictable coupling eff'eots at the ends of the coupled 
seotion, where in order to unoouple the strips asqu10kly as 
possible the 45 degree mitres are situated. Also,the work of 
Campbell and Jones assumes.a symmetrically looated strip. 
Since the :dng is now nearer the upper ground. plane, their 
results oan only be taken as a first approximation. The 
corner lengths of Wier and Adams 8 were obtained by purely 
geometrio considerations, and empirical factors added. Sinoe 
the factors were determined using a symmetrioally located 
ring, these results again may be in error f'or a d~placed ring • 
. 5.6 Experimental results for broadside coupling 
Several different equalizers were construoted with broad-
side ooupling, one of whioh is shown, with the upper dieleotrio 
----------------------------------............... 
FIG 514 A broadside-coupled equalizer 
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sheet and ground-plane removed, in Fig. 5.14-. The input 
V.S.W.R. results far these devices were as poar as for the. 
co-planar coupling •. 
The corners· were designed using the equation5 derived 
for a symmetrical strip •. The corners, therefore were 
probably poorly matched, and·the results of section 5~~ have 
shown what catastrophic V.S.W.R.s can result. 
5.7 Multiple ring equalizers 
Since the coupling of one ring to a line produced a first 
arder equalizer; it seemed likely that higher order equalizers 
could be constructed by coupling further rings to the original 
one. The theoretical analysis of cuch a device is very 
involved, and since no physical insight· into the problem could' 
be gained from manipulation of the equations, they were solved 
numerically. 
The case for two rings, shown in Fig, 5.15, was foi.md. to 
yield a perfect match if the balanced condition of equation:, 
(5.7) was satisfied by each of the coupled sections. The 
group-delay response for.various.coupling to the second ring 
is shown in Fig. 5.16. This response is, as expected, that of 
a·secondorder equalizer. 
The order of the equalizer is related to the number of 
poles and zeros at each resonance. The bridged-tee equalizer 
is an example of a first order equalizing section, since at . 
the resonant frequency there. is only one pole at E =~, n = 00
0 
,(see Fig. 2.2b). A second. order equalizing sectio~ is one 
which has a pair of 'zeros at E = ~ and n = oo
o
'± lJ. (where 
lJ.. < 00 ), the pattern being repeated at the other three points. 
o ' . . 
In the case of the resonant ring, the splitting can be regarded 
as the normal resonant-frequency splitting which occurs when 
• 
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identical resonators are coupled together. 
To obtain higher order equalizers, an appropriate 
. number of rings are. simply cascaded. Due to the singular 
lack of success in obtaining lmv-V .S.W .R. single-ring 
equalizers, the multiple ring equalizers were not subjected 
to an experimental investigation. 
5.8 Conclusions 
It has been shown that, for all practical uses; the 
resonant ring equalizer is a microwave equivalent of the 
bridged-tee equalizer. The sensitivity of the·input V.S.W.R~ 
to an imperfect corner or coupling section, however, severely 
limits the application of the device. 
Development of a circular ring is hindered by the lack 
of information on tightly curved, coupled lines, but it is felt 
, 
that this approach should yield better input V.S.W.R.s than are 
possible with a square ling. 
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APPENDlX 5A 
The.effects of etching tolerances on the impedances of 
broadside and co-planar couplers 
Broadside couplers (Fig, 5.l7a) 
From Shelton1o, for loose coupling: 
q = (.8 + l\(a + 28/(S + l)J 
~. 2 A.a + (s + 1)/2 
w = .! [sLn (q/a) + (1 - 8) Ln ([1 - qll[l + a])].' 0 ~. . 
°t = 
-! [ 1 Ln r )+ 1 . Ln. (7)J. 1 + s 2 1 ,;0 8 
°to = l [ 1 Ln 1 + a :' - 1 Ln(~ 'It 1 + 8 a(l - q) 1 - 8 
1 .Ln 1 + a - l' Ln(q:) - Ln (1 + ag) 
11: 1 + s a(l ;. q) . aq 
1 - 8 2 
= 120,.,'0..['8 
. e r 
- (5A.l) 
- (5A,2) 
- (?A,I.) 
- (5A,5) . 
- (5A,6) . 
- (SA,S) 
Referring to Fig. 5.17a, 8 i8 constant, but due to etching 
undercut, W and W can vary by an amount 6. From equation (SA.l) •. 
. 0 
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. From equation (SA.2) 
1. Is .[a~ - q) - (1 ~ s) (Cl + a) Pa + (1 - q) 1J 
'It L qa (1 - q)(l + a) 
- (SA.IO).· 
oq oa oq - (SA.ll) 
From e~tion (SA.I;.) 
Cla 
- -
1 
1 - s 
a (1 - q) 
_. (SA..12) 
If \'( is reduced by Il, and Why Il: the increase in C , 5C , is given by. 
. 0 . 0 0 
5C = o -44 2 1'" S 
= - 120,,; 5C 
C 2-1'fJ. 0 
o r 
. From equation (SA.7) 
a ere = acro + z. 
a.2s!.. + 
oW 
0 
~ 
oWo 
a Wo ClW 
. 0 'It aq (1 + aq) 
SZoe = - 120?t 
C 2. e v"(f 
r· 
se 
eo 
- (SA.l!;.) 
- (SA.1S) . 
- (SA.16) 
- (SA.17) 
'.'.\ 
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The values for the experimental equalizer were 
Zoo = 700, Zoo = 35.714-311 
S = 0.1095 
a = 0.022879· 
q = 0.21156 
6 = 0.00365 (a 0.0005 inch variation) 
which resulted in 5z = 0.1811 
ce· 
5Z
oo 
= 0.2811 
Co-planar couplers (Fig. 5.17b) 
From Colm 11, 
Z 
oe 
where K is the complete elliptic integral of the first kind, 
ke . = tanh ~ ~) tanh ~ W ~ s) (5A.19) 
Zoo =.2Q... K (k~) 
V'e
r 
K (k
o
) 
where ko = tanh (.2: !) coth (.2:2 . w~ s ) 2.b 
, 
From equation (5A.22): 
(5A.2l) 
(5A.23) 
[ (?t!) 2 (1t W + s) . °th (.:: W + S) . oko = w ~ tanh '2 b cosech . '2 b + co 2 b x 
aw 2b 
= w 
2 ('It!)] x sech '2 b 
.:::.. tanh
o 
~ ~) cosech2 ~ W ~ s) 
as 2b 
increase in S = w increase in W = 6 
65 
Combining equations (5A,24), .(5A.25) to obtain the increment in k
o
' 
Oko = ~ coth ~ W ~ s) sech2 ~ ~) 
2b . 
From equation (5A.23). 
ok' ~ - -IF k (2 k + ok ) 
o 0 0 ,0 
(1 _ k 2)2 
o 
(5A.26) 
To obtain the partial derivations for the elliptic integrals. the 
polynomial approximation to K{m) was used~2.· 
K(m) = (ae +~~ + a2m/) + (be + bl~ +b2~2)Ln (l/~) 
where ao - a2• bo - b2 are the polynomial coefficients. and ~ = 1 ;;; m. 
oK(m2, = - (~ + 2a2~) - (bl + 2b2~) Ln (l/~) + (bo + bl~ + b2~ 2)(1/~) 
am 
, 
, 1 
I K (m) . oK(~) ~ - K (m) Cl K(m) a' [~] = -
, all Km am o m a m . 
i 
rem) 
I ' 2 2 
where Ii = (1 - m ) 
Substituting in values. a
o 
= 1.38629411- b = 0.5 
, 0 
~ = 0.1119723 b1 = 0.121~78 
a2 .= 0.0725296 b2 = 0.0288729 
W' = 0.0806 s = 0.00575 b =, 0.125 
These gave oZ = - 1.230 
,F • 00 
(5A.28) 
Thus the broadside coupler is less sensitive to etching tolerances 
than the co-planar coupler, by a factor of four. For example, if we 
have an undercut of u. OOO5 in. at each edge. the resultant variations 
in Z , Z from their ideal values results in the following. For the 
~ 00 " . , 
c~planar coupling. the input V.S,W.R. at the centre frequency rises 
from unity to l.~ .• · With broadside coupling. however, the input v.s.w.n. 
for the same dimensional error is, only about 1.1. 
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APPENDIX: 5B 
The electrical length of a stripline bend 
5B.1 Introduction 
where 
\¥hen designing stripline ·components which contain.bends, it 
is customary to take as the electrical length of the bend, the 
length, L, given by the mean radius: 
L = e (RIN:+ ROUT)/2 
L = Length of curve 
RIN = inner radius of strip 
ROUT = outer. radius of strip 
e =. angle subtended at centre by.endS of curve. 
This is satisfactory provided that the radius of the curve 
is large compared with a wavelength at the operating frequency. 
With a resonant ring one wavelength in circumference, however, 
the arithmetic mean radiUS, Ry,is given.b1 
I\! = ¥21t· 
_ 0.16'" 
(where'" is the wavelength) 
and for a conventional hybrid ring, 
l1.! = 1.5¥21t 
= 0.24'" 
In both of these cases, it has been found experimentally 
that a design using the mean radius will result in a centre 
frequency which is too high. 
In the following sections an approximate analysis is 
presented for the resonant ring. 
5B.2 Construction of a theoretical model 
The basic procedur~ is to convert the stripline ring 
to a parallel-plate ring, and then approximate this with a 
parallel-plate regular polygon, as shown in Fig. 5.18. 
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The stripline configuration is first converted to its 
equivalent form with no fringing field, as shown in Fig. 5.19 
a, b. This is implemented by using a Schwartz-Christoffel 
transformation, the dimension D being given to a good accuracy 
by 
D, = ro + 2b Qn2 + ~ [1 ~ £n(2~)] 
7t 7t 
(5B.2) 
fuwever, this procedure is only valid for cases where the 
inner radius of the strip is large enough to prevent coupling 
between opposite sides of the ring. Experimental work has 
shown that interaction effects'become noticeable when the 
inner diameter of the ring approaches the dimension of the 
ground planes spacing. Also, to obtain equation (2)" only 
one strip cross-section was considered, whereas of course 
there are two strip cross-sections in any diametral plane, 
and so the transformation is not rigorous. 
Since the strip is symmetrically placed between the 
ground planes, the fields of interest are fully represented 
by the portion shown in Fig.' 5.190. Using Babinet's 
equivalence principle"all magnetic ,walls are replaced by 
electric walls and vice-versa; and all lines of E and H' 
are replaced by lines of Hand - E respectively. The 
" 
equivalent circuit of the original configuration is now 
the dual of the equivalent circuit of this new structure. 
, With this transformation, the ring is now a parallel-plate < 
ring, as shown in Fig. 5.l9d. 
If the ring is approximated by a regular polygon, the 
polygon can be cut as shovr.n in'Fig. 5.18, and treated as 'a 
two-port device. The current and voltage convention used, 
is shown in Fig. 5.20a.< We,have 
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where the coefficients A, B, C, D depend on the properties 
-
of the ring. Since the ring is continuous, we must have 
Vl = V2 = V 
l1. = I2 = I 
and this yields the condition 
(1 - A)(l - D) - BC = 0 
The above ABCD matrix can be easily constructed once the 
equivalent matrices are lalown for each corner· and each side 
of the pclygon. All that is then involved is matrix 
multiplication. 
The corner matrix is most easily obtained from the 
equivalent pi circuit given by Marcuvitz.. (The Babinet 
equivalence principle'states that the equivalent circuit for 
the stripline corner is given by the dualat' the pi section, 
i.e. a tee section). From Marcuvitz, the narmalised series 
impedance of the pi circuit, ~, is give~ by 
~ = j ~ tan e/2 . 
" 
and the normalised shunt impedances, ~A' by 
ZA = - j 2::' 810 
D· 0.11 e?t 
(513.6) 
The reference planes, and angle e, are shown in Fig. S.20b •. 
The distance. between reference planes, L, is 2R:mtane/2, and 
so the ABCD matrix for the length of lossless line is given by 
A = cos~) = D 
B = 
- j sin (2;) = C (513.7) 
whilst for the corner, . 
A = (ZA + ~)/ZA = D 
B = ~ (SB.8) 
c = (~ .+ 2ZA)/Z/ 
.f'" 
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The necessary computations were programmed, and a 
Newton-Rapheson iteration procedure used, with the designed 
centre frequency as, the initial guess, to find the frequency 
which satisfied equation (SB.4). This was then taken as the ' 
resonant frequency. The procedure was repeated, with the' 
number·of corners successive~ doubled, until the results 
of two doublings gave answers differing by lessthrul 0.1 MHz. 
The accuracy in determining the frequency satisfying eq~iion 
(5B.4) was also 0.1 MHz. 
The' results obtained are shovnl in Table 5Bl for 
'b = 0.125 in., t = 0.0014- in., l? = 2.321. 
r , 
TAm..E 5B.l 
Design Strip Computed Resonant Measured Resonan1 
Frequency Width , Frequency (GHz) , Frequency (GHz) 
. (GHz) (ins) 
. 
4.0 0.050, 4.0380 4.0365 
0.075 4.0471 4.0472 
, 0.100 4.0563 4.0525 
0.125 4.0658 4.0663 
0.150 4,.0747 4.0700 
. 
5.0 0.050 5.0598 5.055 ., 
0.075 5.0741 5.064 
0.100 5.0885 5.083 
0.125 5.1036 5.099 
0.150 5.1176 5.108 
6.0 0.050 6.0865 6.082 
0.075 6.1072 6.100 
0.100 6.1282 , 6.127 
0.125 6.1502 6.l46 
0.150 6.1707 6.155 
. 
. 
7.0 0.050 7.1182 . 7.114-
I 0.075 7.l466 7.139 
0.100 7.1754- ' 7.178 
0.125 7.2058 7.188 
0.150 7.234l 7.166 
. 
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If we define 
~ = frequency difference between designed and actual 
resonant frequencies 
, 
FD = designed resonant frequency 
D = equivalent stri'p width 
~ =. ari thmetic mean diameter. of curve 
= (R:m + ROUT) 
A plot of ~/FD against D/DI4 yields the straight line shown . 
in Fig. 5.2l.. 
5B.3 . Experimental results 
A series of resonant rings were etched to correspond' wi th 
those shown in Table 5B.l. Fig. 5.23 shows one such card full· 
size, the rings being placed for the minimum of interaction. 
The coupling gap was increased until the insertion-loss Q 
became constant, the frequency then being taken as the unloaded 
resonant frequency, and ,measured with a frequency counter. 
A 'G' clamp was used to vary the pressure exerted on the 
dielectric sheets by the ground planes. With a low pressure. 
an air gap is present at the interface between the dielectrics, 
and since the ring is on this plane. the resonant frequency is 
altered. With increasing pressure, the resonant frequency 
decreases, and so the above readings were taken with a pressure 
corresponding to the point where the frequency ceased to drop. 
This force was undoubtedly greater than would normally be 
exerted by clamping screws. and so the resonant frequencies· 
obtained With bolt fixing would be greater than the values 
• measured. 
The results obtained are shown in Table 5B.l. and plotted 
• 
in Fig. 5.21. for comparison with the theoretical results. 
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5B.4 The correction ~ornula 
The agreement between the theoretical and expericiental 
results is sufficiently good ~or the theoretical curve to be 
used ~or correction purposes. 
The straight line is defined by 
6F 0.0567 D - 0.00042 
~ = .Du 
(5B.1l)· 
If A is the wavelength at the resonant ~requency, and "n that 
at the design frequency, 
. 1 1 (- -- ) !i! = ),. AD· 
FD . 1I"n 
= "n- A 
A 
("n -A) is the dif~erence in eleotrical wavelengths, ao that 
, 
!i!!., the length per wavelength which must be subtracted. !'rom 
"n 
the mean length to give the true electrical length, is found 
to be given by 
= 0.0567 D/Du - 0.00042 
·0.0567 D/D1{ + 0.99958 
5B.5 Conclusions 
The use of equation (5B.12) enables the electrical length 
of a resonant ring to be computed to an accuracy not previously 
attainable. This in turn will lead to accurate designs of such 
components. 
l~ 
2. 
5. 
6. 
8. 
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CHAPl'ER 6 
Till HYBRID-RING EQUALIZER 
6.1 Introduction 
6.2 Theoretical analysis 
6.3 Effects of errors 
6.4 Experimental results 
6.5 Conclusions 
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6.1 Introduction 
The basic h;y"brid-ring equalizer is shown in Fig. 2.4. 
It consists of a hybrid 3 dB,coupler, with the two output 
arms terminated in resonators. These arms differ in length 
by a quarter wavelength at the centre frequency of the 
device. The two path lengths for signals travelling from 
. the input up to the resonators and then back to the input, . 
therefore, differ by one half wavelength,and so there is no 
refleoted wave at the input if the terminations are identical. 
The two signals travelling to the output port from the 
rescnators, however, arrive in phase and so reinforce each 
other. The total phase change from input to output .is 
clearly governed by the. nature of the terminations, and so 
the group-delay characteristic can be specified by choosing 
suitable reactive terminations. For the purpose ofths 
following analysis, the simple tapped resonator of Chapter 3 
. . 
is used. 
The same production techniques were used for both the 
resonant ring and the hybrid-ring. A master copy was cut on 
. an "astrofoil" cutting machine, and photographically reduced 
to produce the masks used in the etching process. The 
material used as dielectric was again the low-loss, copper 
clad, irradiatedpolyolefin. 
6.2 Theoretical analysis 
The method used to analyse the hybrid ring was an 
extension'of that used by Gunston and Nicholson~. Each 
section' of transmission line was replaced by its equivalent 
pi network. Referring to Fig. 6.1, the equivalent elements 
are given by 
FIG 6·1 The equivalent circuit of a section of' 
transmiss ion li ne 
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ZA = - j Zo sin (mf2 (00 ) 
1 - cos (~/2 (00 ) 
(6.1) 
(6.2) 
where.Olo is the frequency when the line is a quarter wave-
\ 
length long, and Z is its characteristic impea~nce. The 
.' ° 
pcsitive sign is.chosen for ~ in order that both'circuits 
pass d.C. 
By repeated application of "star-delta" transformations, 
the equivalent 'pi' circuit for the complete equalizer was 
obtained.. Due to the complexity of the resulting expressions, 
a computer programme was written to evaluate the performance. 
of the device. Use of the work of Franco and Oliner2 enabled 
the reactive effects of the.tee-junctions,occurringat the 
ring and at the resonators ,to be talcen.into. account. 
The initial work was done with the above model, but it. 
was considered necessary to include .the loss mechanisms 
operative in the stripline. These can be split into two 
parts, the copper loss and the dielectric loss. The dielectric' 
loss is normally incorporated by using a complex dielectric 
constant. For use in the above model, .however, it was more 
convenient to use the conductance per unit length between 
the inner conductor and the ground planes. This quantity is 
dependent on the electric field distribution, and so a 
conformal mapping was used to create an equivalent model in 
which the electric field lines were parallel. Using the 
resul ts of Cohn3 , the conductivity per unit length was found 
to be given by 
G = 81tf 1i' tanS 
r 
. , . 
K(k)' (6.:;) 
K(k) 
where f is the frequency, 1i' the dielectric constant, tanS 
r 
..: .... 
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the loss tangent, and K is the complete,elliptic integral 1 
, " ' ' , 2I 
of the first kind, ,where k = sech (?IlV/2b), andk = (1 - k )i ' 
b is the ground-plane spacing and W the width of the strip. 
The copper losses were calculated from the formulae given by 
Cohi:!.3. 
Since ,the attenuation per wavelength was small, the 
equations for the equivalent circuit could be simplified to 
ZA = - Z (A cos [1tO¥'2oo ) +j sin ['lW.l/200]) 
o '0 0 
1 - cos ('lW.l/2oo ) - j A sin (1tO¥'200 ) 
, ' 0 0 
~ = Zo (A co"s['lW.l /200
0
] + j sin[?UJ(200o )} 
where A = 0.)..0/4-
a. = attenuation coefficient in nepers/m 
).. = Wavelength in meters. 
o , 
(6.4) , 
The results obtained using this, moo;el, are shown in 
Fig. 6.2 fo~ various tapping points. The frequency dependence 
of the various quarter Wavelength sections issh~nn by the 
increase in V.S.W.R. away from the centre frequency. The 
loss is not shown, since this was found to be a replica of 
the delay curve. 
The computer programme was extendeq, to analyse'the 
characteristics of up to ten suc~ equali,zers in cascade. 
The results for two and for three cascaded equalizers are 
shown in Figs. 6.3 and 6.4 respectively. These clearly show 
the effect of the frequency sensitivit,r of the ~brid-rings 
on the input V.S.W.R. The grOup-delay curve was found to 
be almost identical to that obtained by addition of the 
curves for each of the equalizers alone. It was concluded 
that interaction effects between the equalizers does not 
seriously perturb the group-delay characteristic. The 
insertion-loss curves are not sholm since it was found 
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. that these were replicas of the group-dela;v curves. 
By applying the analysis of Section 3.2 to the· tapped 
half-wavelength resonator, a set of curves relating the 
real part of the pole-zero position to the tapping point 
were obtained, as shown in Fig. 6.5. 
If' the hybrid-ring were ·a perfect 3 dB power splitter 
.at all frequencies, and its dimensions, as fractions of the 
. operating frequency, remained constant with frequency, the 
ideal case would· be attained, and the group-delay curves for 
the hybrid-ring, and circulator-termination ecpalizers would 
be identical for identical terminations; To synthisize a· 
given group-delay curve, a method such as those discussed 
in Chapter 8 could be used to Obtain the pole-zero positions . 
for each equalizing section required. If a cascade of ideal 
hybrid-ring equalizers was to be used, Fig. 6.5 could be 
used to translate from the real part of the pole position 
to the equivalent tapping fraction. The frequency 
sensitivity of the hybrid-ring will, however, alter the 
. group delay characteristio of the tapped resonator. Fig. 6.6 
shows a comparison between the delay curve for a tapped-
resonator on a circulator, and a· curve for the same termination 
on a hybrid ring" The group delay error is not more than 
.:!:. 0.2 nsec, whioh is of sufficient accuraoy for the above 
cascading procedure to be implimented with hybrid rings. 
6.3 Effects of errors 
, . 
Due to the rather poor input V.S.W.R.s of the 
experimental hybrid-ring equalizers, the computer programmes 
used in the analysis of Section 6.2, were modified to include 
variations in selected dimensions of the equalizer. This 
enabled the effects of errors, sllch as unequal resonators, 
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on the equalizer performance to be studied. in some detail. 
The first dimensional variation considered was in the 
relative lengths of the arms connecting the resonators . to 
the ring. These iaeally differ. by a quarter wavelength at 
the centre frequency •. The hybrid ring, with k = 0.44, was 
analysed with a difference in arm lengths of firstly a . 
quarter-wavelength plus O.w.. in., and secondly a quarter-
wavelength plus 0;020 in. The computer results showed that· 
for the first case the input V.S.W.R •. was. slightly improved 
compared with the ideal model. The results for the second 
case showed little d.eviation from the correct group-delay 
curve, but the input V.S.W.R; was slightly degraded. At a 
centre frequency of 4- GIIz in irradiated polyolefin, the wave-" 
length is 4-.92 cm. The above error of .0.020 in. as a 
percentage of a quarter wavelength is over four percent! 
.The conclusion drawn from these results is that slight 
errors in the arm lengths can be tolerated. 
Attention was then turned to the resonators, and here 
the story was quite different. 'Fig. 6.7 shows the resultant 
input V.S.W.R. when the two resonators differ in overall 
length by 0.002 in. and. 0.005 in. respectively. With an 
. etching tolerance of .± 0.001 in. on most dimensions, a 
difference in resonator lengths of 0.002 in. can easily' 
occur.' These results lead to the conclusion that the 
resonators must be accurately matched in their overall 
lengths, or, equivalently, iri their resonant frequencies • 
. Finally, the effect of slightly altering the tapping 
point on only one of the resonators was investigated. One 
tapping point was moved along its resonator by 0.005 in. 
The effect on the group-delay was found to be 'negligible, 
the input V.S.W.R. being altered from 1.062 to 1.085 at 
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3.9 GH for a tapping point of 0.4-. Thus it wasdecid.ed that 
this source of error could be neglected. 
6.4- Experimental Results 
. Due to the lack of a preciSion stripline load, the V.S.W.R. 
of'a single coaxial-to-stripline transition could not be 
measured. Instead, the V.S.W.R. of a pair of transitions 
back-to 'back was measured. Each of the transitions will 
reflect a portion of the incident wave back to the input. 
If it is assumed that. the magnitudes and phases of the two 
reflection coefficients' are identical over a frequency range, 
then at the input the ~.o reflected waves will differ in 
phase, due to the length of: line separating the transitions. 
Thus as the frequency increases, so the phase difference 
increases, and the ~o reflections will interfere, resulting 
in maxima and minima in the total reflected field. As.the 
line length is increased, so more variations will occur in 
a given frequency increment. A plot of: the input V.S.W.R. 
with frequency will result ideally in a sinusoidal vartation 
with frequency, deviations being due to imperfect matching 
of the transitions, and an unmatched load at the second 
transition. Thus, to a first apl)roximation, for small 
V.S.W.R.s, the V.S.W.R. of one transition can be taken as 
, 
one half of the peak to peak variation in the V.S.W.R. curve. 
The value so obtained for the frequency range 3.7 - 4-.5 GHz 
was 1.09, which agrees with similar results obtained from 
the resonant ring work. This reflection is probably due to 
the discontinuity capacitance of the actuai transition, and 
it is unlikely that any improve men t can be made without 
resorting to tuning stubs. 
The theoretical and 'experimental group-delay curves for 
I 
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single rings with tapping fractions of 0.4- and 0.42 are 
shown ill Fig. 6.8, 6.9. The measured input V.S.W.R. for 
the 0.4- device is shown in Fig. 6.10. 
TvIO rings in cascade, with centre frequencies of 4-.0 
GHz' and 4-.2 GHz, and tapping fractions of 0.42 were designed 
and etched. It was arranged. that" by removing certain of 
the copper paths, each device could be measured independently. 
Fig. 6.11 shows such a set of boards, including the one for 
testing the connectors. A' similar set was prepared,. but with. 
the arms terminated in open circuits instead of resonators, 
thus enabling the properties of the hybrid-rings alone to > 
be reeasured. The input V..S.VI.R.s et each ring, and the tvlO 
, 
rings cascaded, are shown in Fig. 6.12. The frequency 
dependence of the input V.S.W.R. of' the rings is clearly shovm, 
as is the bandwidth shrinkage when rings are cascaded. From 
this it seems that cascading more than about three such rings 
will result in poor input V.S.W.R.s over all but a narrcm 
frequency band. The results of Fig. 6.12 should be regarded 
more as qualitative'than quantitative, since the effects of 
The connectors are included in the V. S. VI .R. curves. 
The V.S.W.R. curves for the rings with resonators in 
place are shown in Fig. 6.13. The curve for the 4-.0 GHz 
ring shows a pronounced peak, very similar to those predicted 
in Section 6.3 for unequal length resonators. Measurements 
revealed a 0.005 in. discrepancy in one of the resonators on 
.- the astrofoil artwork •. A tuning screw was inserted through. 
one ground plane in order to perturb the resonant frequency 
of the incorrect resonator. By tuning, the improved curve 
of Fig. 6.12 was obtained. The cascaded V.S.W.R. has 
reasonable values, although not nearly as good as the 
predicted curve of Fig. 6.3. The theoretical and measured 
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group-delays of the two section equalizer are sho"m in 
Fig. 6 . 14. The agreement i s within the measurement accuracy . 
A triple r ing e qualizer waS designed and built, ani is 
shown in Fig. 6.15. The three rings had centre frequencies 
of 3.8 GHz , 4-.0 GHz, and 4- . 2 GHz with a tapping fraction of 
0.4-2. The theoretical and measured group-delay curves are 
shown in Fi g . 6.16 , and again t he agreement is good. The 
V.S . Y/ . R. , however , \'tas very poor, exhibiting peaks of 1.9 , 
probably due to s lightly unbalanced resonators . 
The experimental results obtained on the first rings 
produced, s howed a slight discrepancy between the computed 
and measured centre frequencies . It was concluded th.-'l.t the 
cause was the small r adius of curvature of the ring. The 
electrical length ar ound the ring was computed from the 
mean r adius of the strip. Due to current crowding nt the 
ilIDer edge of the ring , however , the electrical l ength is 
l ess than this, resul tine in a shift in the cent re frequency 
to a higher value . To overcome this error , the formul a 
derived in Appendix 5.B can be used. 91& i....s...Y Br _11 ,is .. 
ir" sj Fer i Q? . 8'1 Bf i Ire". ri: iI ••• \ .... in e- ~ 
6.5 Conclusions 
From the results obtained, the hybrid-ring equalizer 
appears suitable for applications where only one or two 
equalizing sections are required. It has been shown that 
the group-delay curves can be theoretically predicted to 
a high accuracy. The u se of the simplified pole-zero plot 
enables the low fre quency synthesis techniques, outlined in 
Chapter 8, to be directly applied. 
A drawback of the equalizer is the limited b ruldl'lidth 
of the hybrid ring. The use of branch-line couplers has 
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been considered, but they appear l ess amenable to accurate 
design t han the hybrid- r i ng. 
84 
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CHAPI'm. 7 
A MILLD.1El'ER - WAVELENGTH ffiUALIZER 
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7.1 Introduction and basic oper ati on of equalizer 
In Chapter 1, the need for equal iza tion in over s ize-
wave guide communication systems , and the reasons for 
prefering equaliza tion to be carried out at the carr ier 
frequency, were briefly discussed. In this chapter the 
r esults of a theoretica l inve s tigation into an equalizer 
operating at millimeter-V1ave fre quencies are pr esented. At 
the beginning of t he work it was hoped to be able to build 
and t es t such a device . It was with this in mind that the 
work was carried out a t a wavelengt h of 1. 2 cm (25 GHz), 
although the device was envisaged for operation a t frequenc~es 
nearer 50 GHz. Due mainly to t he very high cos t of the 
tapers needed to c onvert the R mode in normal wave guide . l,o 
to a pure H. mode in the oversize V/aveguide, it was not ~,o . 
considered economical to embark on the experimental work 
until the theoretical analys is had been completed. The time 
scale involved has ruled out this empir i cal phase , but it 
is hoped that the r esults presented here will enable t he work 
t o be undertaken a t some later date . 
The device investigated i s shovm in Fig . 7 . l a , and i s 
an extens i on of the directional coupler- resonator equalizer 
sugges ted by COhn1 • At the wavelengths envisaged for its 
use , for exampl e 6 mm. at 50 GHz , the waveguide wall l osses , 
and so the resonator losses , are increased quite drastical l y 
above their theor etical values . The princi pal cause of this 
i s the surf_ce finish attained when the wrveguide is 
manufactured. Consider able work has been done on this 
problem2 , " and the general conclusion i s that if · the losses 
are to be kept at r easonable val ues , the waveguide surfaces 
must be mechanically or electrically polished. If waveguide 
is used at frequencies where its dimens ions are mazw wave-
l engths , the formulae for the ideal case show that the 
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, waveguide attenuation factor is reduced still f\lrther. 
If'the wave guide coupler were to be manufactured in 
normal-sized 'wave guide , the coupling holes required to 
give a'3 dB power split would be large, and the dimensional 
tolerances to give an accurate 3 dB split would be costly 
to meet. An alternative method'is to use a dielectric 
sheet power splitter in oversize waveguide, and also 
fabricate the resonatOrs in oversize waveguide. Using this, 
the construotion is relatively simple (although possibly no 
less oostly), and the losses are reduoed. It is possible 
that such equalizers oould be used in conjunction with 
oversize wave guide band-splitting filters4. 
It will be shown in Seotion 7.3.2, that from a purely 
optioal (ray) viewpoint, the requirements for a 3 dB power 
split are that the dielectric slab should be, effeotively, 
an odd number of quarter-wavelengths thick, and that the 
dieleotric constant should be 3.4l42. pchaefer Dieleot~ios 
Limitedproduoe a magnesia oeramio with a loss tangent of 
0.0005 up to 10 GHz, the dielectric constant of which may 
be specified in the range 3.0 to 7.0 to an aocuraoy of 
:!;' 0.1%. This material is easily machined in thin sheets', 
and-so is eminent~ suitable for the ooupler. 
Fig. 7.lb s.hows the basic action of the equalizer. The 
situation depiotedis for optical propagation, which 
necessitates an aperture of several hundred wavelengths. 
In practice a balance between low mode generation and 
overall dimensions dictates an aperture of about six to ten 
wavelengths. The 90 degree phase difference between 
refleoted and transm1tted waves is a property of the slab 
which e~bles the two reflected waves at the input port to 
cancel, whilst those at the output part interfere 
constructively. As the frequency varies, so the phase shift 
.. 
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through the device alters, the runplitudes remaining constant. 
Since the splitting depends on the slab being a quarter 
wavelength ineffective thickness, the pcner'reflected back 
to the input will vary with frequency. For reasonable 
V.S.W.R.'s, the bandwidth for a quarter wavelength slab is. 
anticipated to be about 1010, or 5 GHz at 50 GHz. Thus for 
equalization over a 500 MHz bandwidth, the input V.S.W.R. 
will be low • 
. 7.2 ~ation and properties of the resonators 
7.2.1 Introduction 
The resonators are simple cavities, with an integral. 
number of half wavelengths between the input iris and the 
short circuit. Since the rectangular waveguide is highly 
evermoded, simple inductive post or iris coupling cannot be 
used, for these would generate higher-order modes which 
would degrade the resonator performence. An iris is required, 
therefore, which produces no higher-order propagating modes 
when the dominant El,o mode is incident on it. 
Considerable work has been.done on the subject of multi-
strip capacitive and inductive irises5-~O, most of which 
involves extremely involved complex-variable theory. In 
order to solve the resulting equations, a number of' 
simplifying assumptions are made which render the answers 
of questionable value. It was decided, that answers of' 
sufficient accuracy for the equivalent circuit of the multi-
. . 
strip iris could be Obtained by using the 'two plane-waves' 
equivalence of the El,o mode, with the results of Marcuvitz 
for free space irises 11 ,the incident angles for the highly- . 
overmoded case being small. The choice between inductive 
or capacitive multiple-strip irises favours the inductive 
• i 
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case. The capacitive iris is highly inhcmogeneOus in'the 
electric field direction, and so considerably modifies the 
lines of current f~ow. For this reason, the power handling 
is lower, and, more important, the losses are higher than 
for the inductive iris. Furthermore, for a given degree of 
coupling, the gap in an inductive iris is always larger than 
for a capacitive iris. The inductive iris is therefore less 
critical as far as tolerances are concerned. It is assumed 
in the work presented that the iris is infinitely thin. 
The thickness' of an iris may alter the equivalent circuit 
qui te drastically, and so should be born in mind when 
considering the manufacture of the iris. 
The problem now remains of finding the number of slits 
which will ensure that none of the propagating higher order 
modes will be excited by the iris. To solve this, an 
analysis based on a method due to Lyapunov1~ was developed. 
The details of the work is given in Appendix 7A, and there 
it is shown that if an H 0 mode is incident on a 't' slit 
n, 
iris, the modes generated are of the form H(2Nt ~ n},O where 
N is any positive integer. Thus for an incident 11 0 mode, 
, 
the first higher order mode to be excited is the H(2t ~ 1},0 
mode. If all modes up to 111 0 can propagate, we therefore 
, , 
need at least seven slits. Conversely if there is an H 0 
, n, 
mode incident on the ,iris due to mode conversion in the 
coupling section, further mode coversion back to the H. 
--:L,O 
mode is undesirable. This produces;' constraint (2t - it) ~ 1 
or 2t > (1 + n), which is the same condition as that for the 
mode conversion above. 
If spurious, higher order propagating modes are formed 
at the coupler, there is a,possibi1ity that spurious 
resonances of the cavity in the frequency range of interest 
-';" 
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occur for these modes. As a. typical example, a. cavi ty was· 
designed for a resonance at 25 GHz, at which it was two 
half-wavelengths long. The resonant frequencies for the 
higher order modes were computed, taking account of the 
frequency sensitivity of the coupling multi-strip iris. 
The following results were obtained 
Number of slits = 14, loaded Q = 100 
Mode number, n Resonant Frequency 
(TEn,o) (GHz) 
1 25.040 
2 25.304-
3 25.739 
4 26.336 . 
5 27.085 
6 27.974 
7 28.991 
. .' 
8 30.oi3 
9 31.367 
10 32.707 
11 34.l42 
12 35.694 
With a 500 MHz bandwidth, and the centre frequency of 
the equalizer at the lower edge of the band, the table shows 
that the TE2 0 resonance falls within the band, but all 
, . 
others are outside it. It is necessary, then, that the 
TE2 0 mode amplitude generated by the coupling section be 
, 
much less than the ~.O amplitude. The other modes are 
not SO critical, but as a rule of thumb, they want to be 
about 20 dB belovl the TEl,O mode. A value for the TE2 ,0 
mode amplitude of 20 dB below the TEl 0 mode should be 
, 
taken as an upper limit. 
. ,'" 
. ' 
--------------------~------,------------,--------:--.;{-
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7.2.2 Characteristics of the cavity at domina.nt resonance 
If we look in at the plane of the detuned short 
circuit,(where this is defined as the plane nearest the 
iris where the impedance is zero or a minimum off resonance, 
and. coincides with the reference plane of the iris), the 
reflected wave is given by 1. 
r.J 2' 2 . bl =l"'ll-k -kexp[-(a.r+j2~)l 
_I 2' 
1 ~ 1'1 - k exp[- (a.:r + j2~)] 
. where ~ is the incident wave amplitude 
bl is the reflected wave amplitude 
k is the coupling of the iris 
J '1. 
a.r is the rcund trip attenuation of the cavity· 
~ is the electrical distance from the end wall to 
the interior reference plane of. the iris. 
Neglecting losses, and differentiating equation (7.1) 
with respect to frequency, the following expression for group"", 
delay is obtained, 
2 _,r---=2'· 2 . 
tg = - ~ 2K [2Vl - k ,?os2o? - (2 - k ) ] 
c 2 2 2 2 4' 4 (1 .. k ) '- 4 (2 ;;. k ) cos 2~ + 4(1 ;;. k )cos 2~ + k 
(7.2) 
where L .. length of cavity from end wall to reference plane 
of iris 
c = electromagnetic wave velocity in free space. 
At resol1!illce, ~ = nlt, where n is "n integer, and the maximum 
group-delay is obtained 
2 /r--~2' '. 2 
t I - -~ 2k [211 - k - 2 + k ] 
g max c 2 . 2 ",/r---""'2' 4 
8(1 - k ) - 4 (2 - k JVl- k + k 
Since k<l, an approximate expression can be derived for 
t I . g max by expanding the square roots as a power series in k. 
This yields 
, 
, 
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:Q: 4(2 + k2) 
. k2(1 + k2) 
Thus for a given value of t.1 .. , equation (7.4) enables 
g max . 
the corresponding value of k to be roughly computed. If 
a group-delay maximum of 5 nsec is required, for example, 
equation (7.4) gives k =0.409 for L:!l:2 cm. Altman1.4· 
gives an expression for the external Q, ~, of the cavity: 
QE = 4'1tL X k2 ..oS 
,,2 
where X is the guide wavelength. g 
Substituting in values, 
QE = 125 
Taking an unloaded Q, QU' of 2000, the loaded Q, %. is 
given by 
The half-power-point bandwidth at 25 GHz = 213 MHz 
\ 
The corresponding 'half-group-delay' bandwidth,QD,(from 
equation (2.9» is 127 MHz • 
. The power absorbed in the resonator is given by 14 
Pabs = Po, 4%2 
-
where Po is the incident power. 
The insertion-loss for our 5 nsec case is, therefore, given 
by 
insertion-loss 
= 1.01 dB 
Thus for a 5 nsec variation, an insertion loss, of 1 dB must 
be tolerated. Whether or not such a figure is acceptable 
can only be answered by the system designer. 
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7.3 .Analysis at' mode formation in the coupler 
7.3.1. Possible methods of beam splitting 
Two methods of achieving a 3 dB power split were 
considered. The first was .that proposed by Garnham~5. The 
device consists of two 45 degree prisms places as shown in 
Fig. 7.2. The input wave is incident on the first sloping 
face at an angle of incidence greater than the critical 
angle. The wave would ncrmally, therefore, be totally 
reflected. Due to the presence of an evanescent surface wave, 
however, the second prism extracts power from the incident 
wave via the evanescent field present in the gap between 
prisms. If the gap is decreased, the power extracted fr~m 
the incident wave increases. The discontinuities presented 
by the dielectric prisms cen.be matched out~G by means of 
slots one quarter wavelength deep cut in the dielectrio, 
thereby reducing the effective dielectric constpnt and 
forming a quarter-wave trpnsformer. 
The second method is that using a quarter-wave sheet 
of dielectric previously mentioned. The latter was chosen 
as the splitter, mainly because of its simplicity and low 
loss. With the dielectric prisms, the waves !!lUst travel 
through many wavelengths in the dielectric, and so the loss 
must inherently be much higher than for the dielectric. 
sheet. Also, to obtain a 3 dB split, the spacing at' the 
prisms must be. kept constant along the prism face to a 
high degree of accuracy. The problems in machining the 
dielectric slab are relatively simple. 
7.3.2 Properties of the dielectric slab 
A typical plane wave incident on the dielectric slab 
is shown in Fig. 7 .3a.. The electric field is perpeooicular 
.\' 
1 
I 
! 
/ 
I--'--t- air gap 
. . 
impEdance 
trnnsformers 
FIG 7·2 A dielectric prism power splitter 
/ 
, 
/' 
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--a - The dielectric slab 
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I----tl------I 
-_ 1 2 
impedanc e : 20 
b - Equivalent transmission line. of 
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to the plane or incidence. The equivalent transmission 
line· is shown in Fig. 7.3b, where Z is the wave impedance. 
o 
in region 1 along the normal to' the slab, and Zd the 
corresponding quantity in region 2. The erfective electrical 
length of the slab is O. We define 
.l1. =' Zd - Zo = reflection oooff. from region Ito 
region 2 
R2 = Zo - Zd. = refleotion cooff. from region 2 to 
Zd + Z 
. . 0 
region: 1 •. 
to region 2. 
T2 = 2Z0 
--::'---
'Zd + Zo 
to region 1. 
= transmission coeff. from region 1 
= transmission .. cooff. from region 2 
Ifa wave of unit amplitude is incident on the dieleotric 
slab the wave reaching the.:other side is given by 
output = Tl T2 exp(- jO)'i= R2
2nexl j2nO) 
n = 0 .. 
Thus we lnve atransmissionooofficient,T, of 
T = T T expC- jO) 
1 2 
1 _ R 2exp(- j20) 
2 
= 4 ZnN(cosO - j sin 0) (7.6) 
(1 + ZnN)2 -(00820 + j s~n 20)(1 - ZnN)2, 
whereZnN = Zalzo 
By similar reasoning, the reflection coefficient, R is 
given by 
·' , 
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R = j(?u/ - 1) tann 
2 
2 ?uN + j (?uN + 1) tann 
It is easily: shown. that 
. 
z . = l201t ohms 
o 
cos i 
Z d = :::;12:;,;;07t:..:.:-__ 
,re;. cos r 
where sin r = sin i 
ohms 
(7.8) 
(7.10) 
. For the special case of an angle of incidence of. 45 degrees, . 
. .... 
and 0 = 7r/2, 
T = --L -,j 2e
r 
- l' 
er 
For a 3 dB power split, T = l/'..r2, therefore 
er = 3.4142 (7.11) 
Equation (7.11) sholVS that to obtain a 3 dB power split 
with a quarter wavelength slab, the relative dielectric 
constant must be 3.4142. Also, under these conditions, 
equations (7.6) and (7.7) reduce to 
R = ?uN
2 
- 1 
2 
?uN + 1 
T = -j2ZnN 
1 + ZnN 
2 
which shows. that, as required, the reflected and transmitted 
waves differ in phase by 90 degrees. 
. The actual thickness of the slab is easily calculated 
by considering the propagation constant in the direction of 
the normal· to the slab: 
phase constant =.~ cos r 
X 
-lI :9..~7Ch ~ ki..tJ: .T~ «. ~ be qo· L.r.t-~ c* B-.. 
. V,J.,... 0\ fOr 
-------------------:---------:----------,---_. 
, \ 
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:. ~ cos r x d = 2£ 
Ad ' 
:.d = Ad 
-"'---
4 cos r 
2 
where r corresponds to an angle of incidence of 450 , and 
Ad is., the v7avelength in the dielectric. 
:. d = Ad ·1 
By similarreasonin n is obtained: 
. 2i n '= ?t 1 _ Sll1 
'2 Er 
1 - 1 
2Er 
(7.12) 
(7.13) 
A further quantityre~ired in the modal analysis is 
the effective phase shift from point c to point e in Fig. 7.3a. 
Referring to this figure, the complex transmission coefficient 
will give the phase of a with respect to c. The phase of b 
willlag th8.t of a by ~ (sin i) (tan r) d. The phase of e 
Ad' 
will lag that of a by lZ (sin i) d (tan i). .r. • 
Ad 
The 'effective phase shift' is defined as 'effective, phase 
shift' = ~ d(sin i) (tan i) - 2'Jt 
Ad r 
d 
cos'i 
= ?t cos i 
7.3.3 Plane-wave reuresentation of the input 
The concept of representing an aperture'distribution 
as an angular-spectrum of plane waves was first introduced 
by Booker and Clemmow'7• They showed that the field at 
all' points in front of a plane aperture of any distribution 
.~ •• ~' I 
• 
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may be regarded as arising frC?m an aggregate of plane waves 
travelling in.various directions. The amplitude and phase 
of the waves, as a.function of their direction of travel, 
. 
constitutes an angular spectrum, and this angular spectrum, 
appropriately expressed, is, without approximation, the 
Fourier transform of the aperture distribution. 
If the origin of. co-ordinate y is taken as the centre 
of the transmitting aperture, the electric field 
distribution along y for an R mode is 
. -"1,0 
E= cos,.m::(-a<y<,!!;) 
a '2 2 J (7.15) 
= o (y<-,!!;,y>,!!;). 
2 2 
where a is the width of the aperture. The Fourier transform 
of E gives the amplitude and phase distribution of the plane 
waves. If'the angle of a plane wave vdthrespect to the 
normal to the aperture is e, define 
S = sin e· 
Then the distribution function, peS) is given by 
pes) = rE exp (j kSy)ay 
-co 
where k = ~ is the propagation coefficient • 
. ): 
Substituting equation (7.15) into (7 .16)·~ and simplifying, 
we obtain 
peS) = ~ a cos(kS~2) 
(i _ k2S2a2) 
This shows that at y = 0, the phases of all the planes are 
equal. A plot of peS) against e is shovm in Fig. 7 .~, from ... 
which it is seen that, by restricting e to the range _ 300 
to+ 30°, very little information is lost. 
. 
------------~----------~--,,-,----------~\ .......... ......... 
4 
2 
'-
1 
o 
-20 o 10 . 
Angle [deg.l 
fIG 7·4 The angular spectrum 
--~-"---_c...~_ , 
aperture - 7-2136 cm 
wavelength- 1·2cm .. 
. - ..... ' , 
20 
- . 
.. ' . 
30··· 
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.7.3.4 Aperture distribution of opnosite port 
If a point is taken in the aperture of the oppesi te 
port, as shown in Fig. 7.5, the resultant field at that 
point can be approximately obtained by considering the 
amplitude and phase of each of the plane waves reaching 
the point from the input aperture, and· summing them. The 
approximation involved being that the value SO obtained is 
for the case where the point is in space with no electric 
walls in the vicinity. The presence of the wave guide walls 
defining the cross will perturb the field. lbwever, if the 
waveguide is sufficiently overmcded, these effects ,v111 be . 
of secondary importance. 
There are twO cases to consider. The first is for 
. points such as A,where all wave-fronts.(considering only 
those for e between.:!: 300 ) pass through the dielectric slab. 
The second case. is. for points such as B,· where, for waves 
with an angle less than - V, no dielectric slab is 
encountered, whilst for other nngles the slabrnUst be 
traversed. 
If the wave is direct, the phase lag from the centre 
of the input aperture to the point concerned.is given by 
phase lag = 12: (a ..: y tan e) cose (7.18) 
"-
where e is the wave angle, the sign convention being 
shown in Fig. 7.5. For transmission through the slab, the 
phase lag is mcdified by the angle of the complex 
transmission coefficient, and further by the 'effective 
phase shift' derived in a previous section, which takes into 
account the phase shift through the space occupied by the· 
slab, this. space being included in equation (7.18). 
Thus for a wave not passing through the slab, the 
ampli tude and pl1B.se at the point, as functions of e, are 
'0, 
8 positive 
...---''Y, 
, FIG 705 Construction to determine opposite port " 
aperture distribution 
. ,I, 
, i 
I 
i 
/ 
/ . 
, 
, 
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. given by 
amplitude = p(S) 
phase . = - 27t 
.X-
= .:. 21t };:"" 
(from equation 7.17) 
(a+ y tan e) cose 
(a 11- s2 '+ Y s) 
For a wave passing through the slab, 
amplitude 
phase "" 2' 7t 1 - s 
"her - 2 ' 
+ Arg(T) 
where T is the transmission coefficient defined in 
(7.20) 
·equation (7.6), and s = sine. If the point is one such as , 
B, the crossover from direct wave to slab wave occurs when 
.. - 1 
- e = tan (e/2 - y) = 11 (7.21) 
a 
The value of y at which the direct wave.starts to play a 
part is given by 
2: = tan - 1 (a/2 - y) 
6 a 
or y = 0.07735 a . 
By integrating numerically equations (7.19), (7.20) 
with respect tos, with the constraints of (7.21), (7.22), 
the electric field distribution over the aperture is 
obtained. Since the resultant values contain amplitude and 
phase information, a plot of real and imaginary parts yields 
little information. For completeness, however, the aperture 
distribution for the case of a = 7.2136 cm (WG 10) and 
;., = 1.2 cm, is shown in Fig. 7.6. Appendix 7B shows that 
the modes generated in the receiving waveguide ce~ be 
computed by submitting the aperture distribution to a 
Fourier anAlysis. The results for the.case analysed above 
are shown in Table 7.1. The mode amplitudes and phases 
are relative to a reference which is fi.'-1:ed for both the 
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opposite port and adjacent port cases. The results ~or 
'these cases can there~ore be compared directly. 
, 
Mode number n relative E ~ield relative ampli tude in 
(TEn,o) 
.' 
, dB down on 
amplitude phase (degrees) 
TE mode 1,0 
, 
1 7.7371 - 51.l4J. 0 
2 0.58062 + 21.164- 22.5 
3 1.0075 + 4.825 17.74 
, 4 0.38868 + 10.568 26.0 , 
5 0.82654 + 39.654 19.41 
6 0.37285 - 24.399 26.35 
7 0.32283 + 11.927 27.6 
8 0.38773 - 47 ;804- 26.0 
9 0.24439 - 3.037 29.9 
10 0.34860 - 61.835 26.9 ' 
11' 0.17962 - 7.589 32.7 
Table 7.1 Output ~rom opposite port. 
, 7.3.5' Aperture' distribution o~ ad,iacent port 
For the adjacent port.' port 3 o~ Fig. 7.1a" the path 
taken by a wavefront is rather more tortuous than ~or the' 
opposite-port case. Fig. 7.7 shows the path taken by the, 
normal to a typical wave~nt. In this case, account is 
taken o~ the finite thickness o~ the dielectric slab by 
reducing the aperture size by an amount 0, where ois 
rel?-ted to d, the thickness of the slab, by 
o '" d/i2 
Using simple trigonometry, the phase shlit along 
(7.23) 
the path shown, to a point distant x from the, side wall, 
is given by 
i 
-
. , 
,-
r--~,<--wave front 
____ -x :I 
. . 
FIG 7·7 Construction to determine the aperture 
distribution of port 3 
.. I 
.' I, 
. . 
. 
. 
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pbase shift = - ~ (Ll + L2 - L3) 
"" 
= ' - 2?t 1 [a - & - sin6 {(x + .!!;)cos6 + 
"1: cos 6 2 
+ (a - &)(sin6 - cos6)1) 
where the phase shift at the point of reflection is 
ignored. 
At a given point along the x-axis, there may be values 
of 6 for which no reflected wave is encountered. This 
occurs when ,a is such that 
x = 
or a 
o 
- (a + Scota )tan6 
c c 
, ' 1 
= - tan - (x + 5) 
a 
For values of a more negative than this, there is only the 
direct wave, the phase shift of which is given by 
phase shift = - 1! (x oos 6 - .!!; sin 6) 
",2 ' 
(7.26) 
If the point is suoh that the value of 6 from equation' 
o ' ' 
• 0 . (7.25) is numerically greater than 30 ; then the point has 
a direot and reflected wave for all values of 6. Otherwise, 
for values of 6. Otherwise, for values of 6 greater than 
_ 6 • there is both a direct and a reflected wave, whilst 
c 
for 6 less than - 6 , there is only a reflected wave. 
c ' 
for the direotwave, 
amplitude 
phase 
= pes) 
= -21t (x cos 
-r-
1 (7.27) 
6 - .!!; sin6) 
2 
For, the reflected wave, 
amplitude = pes) x IRI 
phase = -..1! 1 
'" cos6 
[a - 5 - sin6 {(x + ~ cos 6 + 
2 
+ (a - 5 )(sin 6 - cos6)l) + Arg (R) (7.28) 
where R is the complex reflection coefficient defined in' 
equation (7.7). 
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Numerically integrating the above equations over the 
range of e, the aperture distribution was computed. A 
Fourier analysis yielded the following results. 
Mode number· n relative E field relative dB down on 
(TE ) amplitude phase (degrees). TE mode 
n,o 1,0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
7.9968 + 33.109 0 
0.094-3 - 4-0.035 38.568 
0.84-91 -63.821 19.479· 
0.2237 
- 14.379 31.065 
1.0202 - 28.603 17.885 
0.1455 . + 4.385 34.801 
.0.71455· 
- 28.154- 20.977 
0.022116 
- 2.663 51.164-
0.79713 - 32.400 20.026 
0.39109 - 31.480 26.213 
2.2399 - 48.116 11.0;>4: 
TABLE }.2 
Output from adjacent part 
Conclusions 
The results for the TEl. mode in Tables 7.1 and 7.2 
,0 . 
show that the amplitudes of this mode in the opposite and 
adjacent parts differ by 0.28 dB, also, their phasEi difference 
is 84-.2 degrees. The ideal values for these parameters are 
o dB and 90 degrees respectively •. With the assumptions made 
in obtaining these values, it is felt that the good agreement 
between the above quantities justifies some confidence in· 
the relative amplitudes of the higher order modes, the 
computation of which was the primary objective. In· Section 
7.4 a fUrther comparison is made to test the accuracy of the 
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above method. 
7.4 Test of the accuracy of the plane-wave method 
Although'the results given in the last section showed 
that the plane-wave approach gives reasonable results, it 
was thought desirable to tr.1 and ascertain the absolute 
accuracy of the method. What was required was a problem 
which resembled that of the coupler, but which was capable 
of exact solution as well; thereby enabling the accuracy of 
the approximate solution to be checked. 
Such a problem is that of the overmoded waveguide cross, 
which is closely related to the overmoded mitred waveguide 
corner 2 0. The problem is therefore that of the power 
splitter with the dielectric slab removed. 
Using an extension of a method first published by Miles2~, 
and later used by Campbell22 to analyse stripline comers,'a 
, 
solution to the mode generation in the cross can be found. 
The accuracy of the solution is dependent only on the 
, . 
number of non-propagating modes considered, and is capable 
of accuracies of within one percent using only ten non-
propagating modes. 
The exact analysis is fully described in Appendix 7C, ' 
and only. the results are quoted here. The dimensions and 
, wavelengths involved are as given in the previous sections. 
An analysis similar to that of Section 7.3.4 was performed 
to obtain the aperture distribution, and the results 
obtained for the modes exciting port 2 are shown in Tables 
( 
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Order of mode amplitude relative to incident 
(TEn 0) 
• • . 
~)dB) 
n 
plane-wave exact analysis difference 
analysis 
. . 
, 
3 - 23.32 - 20.746 - 2.55 
5 " .- - 21.36 - 18.9876 ~ 2.4-7 
, 
7 - 26.75 - 28.63 + 1.88 
.9 ·-27.33 - 26.672 - 0.66 
11 
- 25.04- - 23.511 - 1.53 
.. 
-
TABLE 7.3 
Order of mode Phase (degrees) 
(TEn •o) . (relative to input) 
n 
plane-wave exact.analysis difference 
analysis 
1 + 2.54- - 2.3 + 0.24-
3 ~ .... . - 109.36 - 111.5 . + 2.14-
5 - 60.86 - 60.1 - 0.76 
7 - 44.94- - 62.3 . + 17.4-
9 - 4-5.36 - 4-0.5 - 4-.86 
11 
- 44.84- - 43.05 - 1.8 
TABLE 7.4· 
The number of modes considered in the exact solution 
was a compromise between computer time and accuracy. The 
computer time increases roughly as the cube of the number 
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of variables, whilst the accuracy increases only slowlY as· 
the number of non-propagating modes increases. For the . 
case just consider~d, the value of the TEl,o mode amplitude 
was plotted as a function of the number of non-propagating 
modes. The results for thirty and six non-propagating 
modes agreed to within one percent. The number of non-
propagating modes considered for the above computations 
was therefore fixed at eight, giving an accuracy of better 
than one percent. 
Table 7.3 indicates an accuracy of about ~ 2 dB for the 
mode amplitudes. With the number of approximations involved, 
this seems to be a reasonable value. Teh phases also are . 
in excellent agreement, apart from the result for the TE7 
. ,0 
. mode, for which no reason has been found. 
The conclusion of this comparison was that the 
relative mode amplitudes for the coupler obtained by the· 
plane wave approach would be close to the true values. . 
The use of different degrees of overmoding was also 
investigated using the exact analysis. Taking the amplitude 
of the TE~ mode as fairly representative of the higher J,o . . 
. mode excitation, the results of Table 7.5 were computed 
with the broad wall dimension of the waveguide fixed at 
7.2136 cm. The results show that a wavelength· of 1.2 cm 
gives a reasonable compromise between reasonable waveguide 
size and low mode generation. 
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Wavelength Mode amplitude 
(cml of TE3 
. ,0 
(dB down on input) 
0.8 26.56 
1.2 20.75 
1.8 14.95 
2.!1- 11.87 
... 
3.6 7.06 
TABLE 7.5 
7.5 . Overall Conclusions 
The results of Tables 7.1 and 7.2 show that the TE2 
. ,0 
mode generation of the coupling section is below 20dB 
relative to the .~ mode. --~,o Thus the use of a one-wavelength 
cavity in Section 7.2.1 is adequate, since although the. 
TE2 resonance is only 300 MHz from the TEl resonance, 
,0 ,0 
the fields associated with it are sufficiently small to 
have little effect. 
The work presented in this chapter has shown.that the 
coupler-resonator equP-lizer is a feasible proposition for . 
millimeter-wavelength systems where simple equalization is 
:.:required •. 
1. 
2. 
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APFENDIX: 7 A 
Mode Generation bv Capacitive end Inductive G~ 
Capacitive Grids 
The multi-strip capacitive iris is shown in Fig. 7.8a. 
Since the electric field lines are in the y direction only, 
electriowalls may be placed perpendicular to the plane of 
the iris, and parallel to the broadwall, in the centre'of' 
each slit and broad strip, vdthout perturbing the incident 
field. It can be seen that, due to the homogeneity in the 
x direction, an incident ~ 0 mode will not excite any 
, , 
components of the form Hm,o' The placing of the electric 
walls is restricted by the condition that ,symmetry be 
retained (an extension of the method of images), the walls 
, being inserted until the "unit element" which generates the 
symmetry: pattern is reached, Clearly" ~he only modes which 
will satisfy the boundary conditions are Hn , 2Nt modes for 
an iricident H mode, where N is any positive integer, and 
,n,o 
t is the number of slits. 
Inductive Grids 
The Lorentz lemma, or Lorentz reciprocity theorem, 
states that when~, ~ is ,the field 'g~nerated in the 
volume V, bounded by a closed surface S,' by a volume 
dis tribution of electric current jl; and E2, \ is the field 
generated in the same volume by a second system j2' then 
For the case of a strip inductive iris, such as that 
.. ... ... 
shown in Fig. 7.8b, J l = 0 and, J 2 = J, the latter being the , ' 
current distribution on the strips which generates E2, \. 
• 
}o ,Iz:z::.z::::z::::;; .~ :z::z:z:z:z:z::z:z:I 
r--wdveguide broadwall ----.;.,....j 
dimension 
a - Multi-strip capacitive iris 
-J I-
20, 
.. b - Mul ti-strip induct ive iris 
FIG 7·8 Multi-strip irises· 
-lI-D . 
1 
. -;r-
./. 
/ 
" 
.< 
/ 
./ 
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.. .. 
Let'F~, libe an H mode incident on theiris,andhence-· ~ -~ .J11,o .. .. . -+' . 
forth denoted by E:tm" !i,m; and let E2, ~, the reflected 
fields be 
~ An ;2n' and ~ An ~ for all modes of the Hn,o 
type, which are the only ones generated if the iris is· uniform 
in the y direction. 
Collins13 shows that 
o unless m = n 
s 
We can thus rewrite equation (n.l) as 
j (;lm x .. .. -+ -+ J- .. ... ~m - E2m x !im). da = (ElM • J)dV (7A.3) 
s V 
Splitting the fields into their components, and denoting the 
... 
unit vector in the z direction by k, we have 
f (El: ~~ - ~ ~: . - E2~ !i~ + E~ ~~); • ~ 
s 
= f -(~ . ... J)dV 
V 
where the superscripts denote the component directions. 
The surface of integration is shown as surface 1 and 
surface 2 in Fig. 7.9. Since the only modes present are of 
the form H r' = O· and If = O. Thus we have p,o, m m . 
j(El~ ~. +E2~!i~)da + t (El~'~~ - E2~~)da = 
sl s' 
= - J l\~~dV 
V 
The difference in sign of the integrands is due in one case 
to having a reflected wave, and in the other a transmitted 
wave, as shown in Fig. 7.9. 
Since the positions of surface 1 and surface 2 are 
6.Z// i 
1 
, \ 
surface Z 
, 
\ 
, ~ 
iris ----:-~;4:".-.-. +.-' '-'-' -.-.-. 
! i 
L---+----::,...:'-=-==-=-=-:..:::;-r----- ~ --- '-r" . 
./ 
,,;" ; I 
x 
2Vz 
Ll.Z-O 
, EZ El EZ El,' 
---1 L L L 
HZ Hl y' Hz H ~z Il~ . , z 
surface 1 . surface Z x 
. FIG 7'9 The surface of integration 
. " . 
, . ' 
.' 
. , 
I 
./ 
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, -
, arbitrary, let us choose them to be very close,as shovm :in 
Fig. 7.9. Since the fields denoted by a subscript 1 are 
those existing with no current distribution present, as 
6Z ~ 0, the values 'of the fields on surface land surface 2 
will converge. Thus, in the limit we have 
, ,2 f ~~ ~ da = - J~ ~ dV (7A.S) 
s2 V 
The current source, ~. will radiate equally ,in both, 
the positive and negative z directions. If we assign an 
amplitude A to the H mode travelling in the negative - z 
, m ' m,o , " 
,direction from the current source, and an amplitude Bm to 
the one travelling :in the positive - z,direction, then 
A = B m m 
Since the whole volume contains no sources, however, energy 
generation within the volume must be zero. With an incident 
Ji mode of unit amplitude incident onsurf'ace 1, there must -~,o , 
also,' therefore, be an Ji mode of unit amplitude exiting -~,o , 
the volume at surface 2. The reflected fields are those with' 
amplitudes A , and the transmitted fields are those with 
m 
amplitude B as well as the original Ji' mode. 
'" m, -~,o 
Reducing the field components' to their basic forms 'multiplied 
by an amplitude constant, and assuming an incident field of, 
uni t magnitude. 
Am = Bm = J - E:t~ ~ dV 
V 
where Er! = ...::k;..2 __ 
e: e: 
r 0 
sin~ 
a 
", 
(7A.6) 
:. A 
m = 
110 
1 . 
[(m,y2)2 _ (2,,1).,0)2]2 
e e 
r 0 
. 2 jooy k ab, 
m . 
!~~.r dV 
V 
where a, b = waveguide interior d~mensions (a> b) 
er eo = permitivi~ of medium in waveguide 
k = 2~free space wavelength) 
The mode coefficients 
The amplitude of the mth mode reflected from the diaphragm 
is given by 
The current distribution, J, is zero except on the strips. 
The exact distribution on the strips is not known, and the 
value of A is not stationary with respect to small variations 
m . 
in J.. HOv{ever, the generation of the higher order modes is 
more .::dependent on the periodic property. of the slits than 
on the fine structure of the current distribution. The 
current density away from the edges of the strip will be of 
the same form as the incident wave. As an edge is approached, 
however, the current density will increase asymptotically. . 
An investigation has been undertaken to find the effect on 
the results of adding impulse functions at the strip edges 
to the approximate current distribution used below. It was 
found that . the results were unchanged. If we take the current 
distribution on the strips to be that which would occur if 
.there were no gaps present, 
J = s~~) S(z) (7A.8) 
S(z) being' a delta function. 
The delta function specifies the distribution of the current 
in the z direction. Also, 
, 
A 
m = 
111 
~~ = L sin e5 , exp (jymz) 
e: eo a 
Substi tuting equations (7A.B) and (7A.9) into (7A.7): 
D" t - 1 
1 r lolsin =a sin.5 dx + L: { , 
, jlllY' a L a n = 1 ' 
, m 
'/!(2~ + l)Dl ~ nDl, 1 
sm m'l'X sJ.n?tlC dx + 
, a- a 
{(2n ~ l)Dl + nDl 
'I (2Dl + D)t 
+ sin m?1X ' sin ?tlC 
- -a ,a 
!(2t -l)Dl + tDl 
(7A.10) 
After evaluating the integrals, and performing some trigonometrical 
,manipulations, equation (7A.10) becomes 
A = 
,m 
1 
[ 
sin((m -1) ~ 1 tcos2{(m':' if ~l + 
(m - l)?t 
t - 1 L cos{(m - 1)r1] , 
n=l 
t - 1 
cos {(m + 1) n;l]] . - sin Hm + 1) ?tD:!.1 [cos2{ (m + l)~ 1 + L a 
(m + l)?t 
n =,1 
(t > 1) (7A.ll), 
Now A is zero only if both of the inner square brackets are zero. 
m . 
Consider the first bracket, called BRl. 
t - 1 
BRl = cos2 {(m - l)~ 1 + L cos {(m - 1)7 1 (7A.12) 
n = 1 
The series 1 + exp (jS) + exp (j2S) ~ exp (j3S) + --- can be summed to give 
n - 1 Z exp (jnS) 
n=o 
= 1';' ~xp<,jnS) 
1 - exp (jS) 
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. Equation (7A.12) canbe "Tit ten 
(7A.13) .• 
where Re implies taking the real pirt of the complex expression. 
Expanding, 
BRl = cos2 !{m _ 1).2!! + ReR- -cos {Cm - 1)71) - j sin !(m - 1) J .. J ~ 1 
. 2 II - cos!(m- l)"';t! - j sin!(m - l)#tl 
If m is odd, 
BRl = Ref! - cos !Cm - Ihl - ,j sin !Cm- 1)71) 
. U - cosl{m - l)"';t! - j sin!(m - l)"';t! 
= 0 if m - 1 = 2N, where N is a positive integer 
t 
. - t if !!...:...l = 2N 
t 
. If m is even: 
BRl. = -l+Ri·· .. 2 . ~ 
li - cos{(m - l);7tj- jsin{(m - l);7tj 
Similarly, for the second bracket BR2: 
t-l 
BR2 = cos2 {(m + l)~ 1 + 2: cos!(m + l)n#t. 
n = 1 
gives 
BR2 
. and if m is odd 
BR2 = Oifm+l=2N 
-r 
= tifm+l=2N 
.-r 
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if' m is even 
BR2 = 0 
We have, thex-efore, shown that only for m = 2Nt - 1 and 
ljI = 2Nt + 1 is A non-zero. 
m 
•..... 
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APPENDIX 7B 
It can be shown~8,. 19, that the amplitude of the TEn 0 mode 
-. . , , 
electric field, due to an aperture distribution k (x), is 
given by a 
- Lz 
sin~ € 
a· 
J k(x) sin ~ d.x 
o a 
(78.1) 
I . 2 
. where k _. 211: L ):, 
2 2 . '2 
= n?t - k , and a is the broadwal1 
~ 
. dimension. a 
If the aperture distribution is represented by 
a sin n?1X 
n - a 
SUbstitution of equation (78.2) into (78.1) yields 
• E =jkT1I'a 
n -;;L 'I e -1! 
2 
. (.n?1X) sin \-a- for n even 
I 
= .j lL fIf' r 2 + 
aL 'le [~ 
. n7t, 
for n odd 
For the case where k(x) is complex, the above process 
is carried out for the real and imaginary components of the 
I 
aperture distribution separately, and the results combined. 
'. 
vectoriallY for each value of n. 
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APPEh'DIX 7C 
AN R1CACT SOLUTION TO THE OVERMODED WAVEGUIDE CROSS 
The overmoded wavegudde cross is shown with various 
excitations in Fig. 7.10. If each arrow represents unit electric 
field, superposition of the four cases results in an input of four 
units in magnitude at port 1, with no inputs at the other ports, 
i.e. the problem to be analysed. Inspection of Fig. 7.10shovm that 
the solutions to the four one-port boundary value problems shown in 
Fig. 7.11 are required. 
Let'us consider case (b), shown in more detail in Fig. 711e, 
with the right handed co-ordinate system.used. We assume art electric 
, ' 
field in the y direction in region 2 of the form 23 
~ 
Ey = ~ 
n = 1 [
A cos kX cos b Z '+ B cos k x 
n n n n n 
sin b z 
n 
+ C cosbx cos z + D cosb x sin k z 
n n n n n n 
+ E sin k x cos b z + F' sin k x sin b z. 
n n n n n n 
+ G sin b x cos k z + H sin b x sin knZ} n n n n, n 
where A , B , C , D , E , F • G , H are arbitrary constants, k
n 
= n~a, 
n n n n n n n n 
and b is the propagation coefficient of the TB 0 mode in region 1. 
n ' n, 
The fields in region 1 consist of an incident ~,O mode with unit 
electric field, and a set of reflected TB 0 modes. 
, n, 
It is a simple matter to show that equation (7C.l) satisfies 
Maxwell's equations. If Ey can be shown to satisfy the boundary 
2~ 
conditions, then the uniqueness theorem for electromagnetic fields 
states that the field of equation (7C.l) is unique in region 2. 
The boundary condition on wall B gives 
Ey = 0 when x = Z _ a/2 
Thus for all values of x in region 2, each term must satisfy the boundary 
condition. This gives 
.' ., 
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. 0 = -A' cosk (z':' a/2) cos b z + B cos k (z - a/2) sin b z 
.-n n n n n n 
+ o cos b (z - a/2) cos k z + D cos b (z - a/2) sin knz n n n n n 
.+ . E. sin k (z - a/2) cos b z + F sin k (z - a;2) sin b z 
n n n n n n 
+ G sin b (z';' a/a) cos k z + H sinb (z - a;2) sin k z (70.2) n n n n n n 
Since the expression is an identity, we can equate coefficients of like 
terms: 
A cos ak /2 + -0 cos ab /2 - E sin ak /2 - G sin ab /2 = 0 
nn n rf n n n rf 
A sin ak /2 + D cos ab /2 + E cos ak /2 - H sin ab /2 = 0 
n n. n rf .n rf n _ n 
B cos ak /2 + 0 sin ab /2 - F sin ak /2 + G cos ab /2 = 0 
n n n rf n n n n 
B sin ak /2 + D sin ab /2 + F cos ak /2 + H cos ab /2 = O· 
n rf n rf n n n rf 
Since wall A is a magnetic wall, .the absence of the tangential 
magnetic field there must be used. From Maxwell's equations 
H = x. 
H = z 
1 
- 1 
jWI-I 
aE 
a; 
The boundary condition gives 
Hx = H
z 
at x = a/2 - z, 
Substituting equation (70,1) into equation (70.4), and simplifying 
gives 
A b cos ak /2 - D k sin ab /2 + E b sin ak /2 + H k cos ab /2 
nn rf nn rfnn rf nn n· 
= - B k sin ak /2 + 0 b cos ab /2 + F k cos ak /2 + G b sin ab /2 
nn' n nn rf nn rf nn rf . 
A b sin ak /2 + c k sin abj2 - E b cos akj2 - G k cos ab /2' 
nn n nn nn nn rf 
= B k cos akj2 + Db cos abj2 + F k sin ak /2 + H b sin ab /2 
nn' nn nn rf nn rf 
. , 
- Bnbncos akj2 - Dnkncos abj2 - Fnbnsin akrl2 - HnKnsin abj2 
= - A k sin akj2 - 0 b sin ab /2 .j. E k cos akj2 + Gb cos ab /2 
nn . nn rf nn. nn rf 
- B b sin akj2 - 0 k cos ab /2 + F b cos ak /2 + G k sin ab /2 
nn nn rf nn rf nn rf 
= A k cos akj2 - Db sin ab /2 +E k sin akj2 + Hb cos abj2 nn nn rf.· nn . nn .. . ~ 
, ~ .. ' 
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Equations (7C.3), (7C.5) constitute eight equations in the eight 
unknm~ constants. They are, however, difficult to solve as they 
stand. A further assumption is therefore made that electric field 
at Z = 0 due to the nth component of equation (7C.l) should match 
the TEn,O mode in region 1. If this assumption is not valid, two 
conflicting equations will be encountered, whereas if it is valid, 
equations ,Tolll be duplicated. The latter is found to be the case. 
In region 1, the y component of electric field has the 
form 
+ Z; 0 -ejbnz~ (x) . 
n = 2 n. n (7C.6) 
where ~n(x) = JI' sm m: (le +.!1) 
V;" a 2 
, 2 2 
= (¥) -G) 
. and 0 is the ampii tude of the H 0 mode 
n " n, 
At z = 0, Ey = a sin n ~ (x + a) n - -
., a 2 
(7C.7) 
where 
'\ = (1+ (1 ) .,[f 
, an = 0 {f n 
In region 2, from the nth term, 
z = 0 
= A cosk x + C cos b :le + E . sin le x"+ G sin b x 
n n n n n n n n 
a sin k le cos n~ + a 'cos k :le sin n~ 
-n n - n n -2 2 
E~ating coefficients, we,have 
c = 0, Gn = 0 I (7C.8) n A = a sin n~ .n n - 2 E = a cos n~ n n - 2 
If n is even, equations (7C.3), (7C.5), (7C.8) yield the following 
= 0, E = (_ l)n/2 a 
n n 
,., 
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Dncos abj2 + (;;. 1)n/2 E - H sin abj2 = 0 n n 
D sin abj2 + (- 1)n/2 F + H cos abj2 = 0 n , ,n n 
- D sin abj2 '~ If cos ab /2'" F (':::1)n/2 
= 0 n n n n (70.9) 
Dncos abj2 + H Si~ abj2 + E (_ 1)n/2 = 0 n ' n 
D cos abj2 + H sin abj2 + E (_ 1)n/2 
n' n n = 0 
n/2 F (-'1) + D sin ab /2 - H cos ab /2 = 0 n 'n n n' n 
Two of the equations of (70.9) are fuplicated, and the'remainder yield 
H = 0 n 
Dn = - o,nseo abj2 
F 
,n 
=' (- 1)n/2 o,n tan abj2 
Substitution of these values i~to equation (70.9) gives for the nth 
component: 
Eyn'l' 
. n 
even 
= - 0, sec abj2 [cos b xsin k z - (- 1)n/2sin kx cosb
n
' (z _ 8/2)], n ' ' n n 
(70.10) 
If n is odd, a similar' analysis gives 
= 0, cosec ab /2 [sin b x sin k z - (- 1)n/2cos k ~ sin b (z _ a/2)],' n n n n n n 
,n 
odd 
(70.11) 
. . 
The x component of magnetic field is now computed for regions 1 and 2 at 
z= 0, and the values equated to enforce continuity', of magnetic field 
across the boundar,y. 
=0 
In region 1, 
= -1- [(- j b1 + jb10l ) jWfL 2 sin 1t (x + a) + ;: ;: '2 
x sin ~ (x +.!!.) 
. a 2 
~ 
"'" jbo 2 L.. nn-
n = 2 a 
(70.12) " 
• 
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In region 2, 
, 
=1..:.. [- 2: 
Z = 0 jCll[.1 n 
eV'.e(t 
a: sec a bj2[k cos b x - (- 1)n/2 b sin k x sinb a/2] n. n n . n n n· 
z; 
.+. n [k sin b x - (- l)n/~ . cosk XCOSba/2J] n n n n n 
odd 
(7C.13) 
• ! 
'. 
" 
., 
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Equating equations (70.12), (70.13), multiplying both sides by 
sin .!!!.2: (x + ~) aild integrating with respect to x betVleenthe iimits 
. a 2 
+ a/2 gives: 
If m = 1 
. jbl - bl cot ab/2 = (jbl + blcot ab/2)01 + ~ ~ 0nkn ..,....,,..,2,,,,,,:,---::,.....0 
even (:;J - bn2 
If m.is odd 
0;'= I 
n 
even. 
° k 2 nn-
a 
If m is even 
2m'l': 
a . + b 5 (cot a b/2 + j) 
2 2 m m . 
(m'it) -b -- n . a , . 
. . 
ok 2 
nn-
a 
~ 
a - b 5 (tan b a/2 - j) 
~m'it)2 2 m m m n odd -- -b a n 
. Equations (70.14) constitute a set of m simultaneous equations in the 
urucnowns 01 to om' Since the number of urucnOWtls' in an overmodei!. corner 
is large, the equations were solved numerically on'a digital computer 
using the Crout factorization procedure. 
The above technique can be applied to the other boundary 
value problems, with the follmving results~ 
case (a): 
If m = 1, 
, 2 . 
(j\ - !t:!:.. I + bl tan bI a/2) -
3 (J!:)2 _ b 2 
a \a. l' 
, 
.. 
z:: 
n = 3 
nodd 
I 
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If m;f. 1 and odd, 
N 
- 4- m,i l' 
"3 (m~\2 _ b 2 = L 1 - I) (b tan b a/2 - j - . 2 2 m m m'. 
a a) 1 
n = 1 
m;f.n 
n od~ 
- b . 
n 
1 ) 
~7tf -bm2 
Due to the symmetry of the problem, I) = 0 if m is even. 
m 
case (c): 
Identical to case (b) but I) is replaced by (- I) ) if n is 
. n n 
even (due to the.mirror symmetry). 
case (d): 
I) 2 
n-
o. 
If m is odd, 
2 
- 4m7t I) 2 k n- n 
a 
~ . 
a . I) b (tan b a/2 - j) E¥Y -b 2 + m m m. 
Due to the 
an· 
symmetry of the problem I) = 0 if m is even. 
m 
Let the solutions to the problems in Fig. 7.11(0.), (b), (c), 
(d) be A, B, C aIid D respectively. By consideringthe polarity of the 
applied field for each port in Fig. 7.10, superposition gives the 
following outputs: 
port 1 . = A+B+C+D 
port 2 = A-B-C+D 
, 
port 3 = -A+D 
port 4- = -A+D 
• 
1. 
2. 
5. 
6. 
8. 
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8.1 Introduction 
It was shown in Section 3.2.1 that the tapped-resonator 
e~izer can be adequately represented by a pole-zero· 
distribution similar to that for the bridged-tee equalizer. 
Section 5.2 showed a similar result for the resonant-ring 
equalizer. Section 6.2 indicated that, for most practical 
purposes, the delay curves of the hybrid-ring are the same 
as for the corresponding tapped resonator. 
In the cases of these three microwave equalizers, therefore, 
the device delay is adequately specified by a pair of conjugate 
poles and a pair of conjugate zeros. Although simple 
equalization can scmetimes be accomplished with a single 
eqt1alizer section, more complex curves require the cascading 
of several such sections. The problem is to arrange the sections 
in such a way that the difference between the complement of 
the curve to be equalized, and the curve of the eqttalizer is 
within a set .limit. 
During the past years, considerable effort has been 
expended on the above problem for the low frequency equalizers. 
From the above results, it seems reasonable that the techniques 
evolved may be appUedto the microwave frequency region. 
Section 8.2 contains. a review of the work done, and Section 8.3 
considers the application of standard optimization techniques 
to the problem. 
The bulk of the cost of a computer solution to such 
problems is not in the final run time, but in the time taken 
. to ensure that such programmes are running correctly. The 
techniques reviewed in Section 8.2 are not generally available 
as standard subroutines, and so the user must generate his own -
a time consuming business .•. In Section 8.3, therefore, a look 
is taken at the results obtainable by using generally available 
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optimization routines. Since the optimization procedures used 
.are already well documented, no attempt is made to fully 
describe them, an excellent source paper on these being that 
of Temes and Calahan~. 
8.2 A Review of Synthesis Techniques 
It is generally accepted that the optimum error curve for 
the difference between a desired and generated curve, is a 
ripple characteristic, with constant amplitude ripples, the 
number of ripples being.dependent on the number of varying 
parameters. This is termed an error curve in the Tschebychev 
sense. 
The first analytic procedure based on Tschebychev 
polynomials was that of H::llerstein ll• fure, the required and 
actual curves are expanded as two sets of Tschebychev polynomials. 
Bymatching.the first few terms of each series, the resultant 
error is largely due to the first of the remaining terms, which, 
being such a polynomial, gives a ripple error curve. In this, 
and indeed in all the methods described here, the number of 
equalizer sections required, and approximate values for the 
positions of their yoles and zeros must be determined first. 
Fairly adequate rules-of-thumb have been developed using 
equation (2.7) and the equal~areas rule of Section 2.2. If, 
. after the synthesis procedure has been used, the error is not 
within the required tolerance, then the number of sections must 
be increased and the computation repeated. Fall- evolved a 
similtU- procedure to Eellerstein, but one which was adapted 
for use on a digital computer. Ebwever, the above techniques 
suffer from two disadvantages. The first is that the frequency 
range being equalized must include the origin, a constraint 
unsuitable for the microwave region where the bandw1dth$are 
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normal~ only about 10% of' the center f'requency. The second 
disadvantage is that the error ripple is not of' constant 
amplitude, the ampli~de tending to decrease with increasing 
frequency. By suitably altering certain of the terms, however, 
this effect can be considerably reduced. 
'Vhilst the method described above relies on the properties 
of a polynomial to generate an equi-ripple error curve, that 
of Gibbs 4 forces the error curve to assume such a f'orm. Gibbs 
considers the effect on the group-delay of slight perturbations 
in each of the variables. The positions of the maxima and 
minima of the error curve are f~, and the correcticns required 
to achieve an equi-ripple characteristic computed. Fro3 these 
two operations, a set of simultaneous linear equations, in the 
perturbations of the variables are constructed, f'rom which 
the required corrections can be extracted. The process is 
repeated since, due to interactions be~veen the variables, the 
,ecpi-ripple curve is not immediately f'ound. This technique 
can be applied to any frequency interval, ,and has yielded 
cpite good results. 
lIi.mtermann, Pfleiderer' and Unbehauen5 have developed the 
work of BosseS into a powerful technique. A set of non-linear 
eqUations in the increments required in the variables is 
constructed, and solved by iteration. The equations are 
generated to satisfy the ecpi-ripple criterion, but a 'least-
squares' error criterion is also incorporated. This method 
was f'ound to be f'aster than the, Fletcher-Bowell gradient 
method which is discussed in the next section. 
Tu7 has recently reported on work done with combinations 
of optimisation routines, and his results substantiate those 
outlined in the next section. 
. , 
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The application o~ various optimization procedures to particular cases 
Two curves of interest were chosen to be equalized. The 
first was a linear slope, rising 10 nsec, ~rom 3 to 13 nsec, 
in the frequency interval 3.7 - 4.2 GHz. The second was an 
experimentally measured filter group-delay characteristic, the 
cent er frequency of which was at 7.3 GHz. 
8.3.1 The Linear Characteristic 
The first optimization procedure used was a direct search. 
The function to be minimised was a 'least-squares' error 
criterion, generated by summing the s~es o~ the differences 
between the desired and actual curves at a set number of 
frequencies over the band. The desired characteristic 'VIas, of. 
course, the complement of the curve initially. spec~ied. No. 
attempt was made to enforce an equi-rippl~error curve, since 
~ an optimal solution is obtained this should be automatically· 
satisfied. An error limit of .:!:. 0.2 nsec was set, and first of 
all six equalizing sections were used. The resultant error· 
curve is shown in Fig. 8.1. A five section equalizer produced 
the curve also shown in Fig. 8.1. Both of these runs were· 
executed by a program written in KDF 9 user-code, and took 
about 10 sec on that computer. There are two points of 
·interest on these cUrves. The first is that the solutions are 
not equi-ripple, and therefore not optimal. The second is that 
reduction of the number· of equalizers to five produces a rapid 
degradation in the error curve. 
The starting values used for these programs were very pocr, 
but as. the curves show, the optimal solution has been closely 
approached. It was found that ~ the results for the six 
section equalizer were fed back into the program as new input 
data, only a slight improvement in the error curve resulted • 
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Some slight variations on the direct searoh'prooedure 
have been developed,8-~o,and that due to Rosenbrock9 is 
available as a subroutine for most scientific computers. 
The second optimization method used was a "simplex" 
procedure~o. This is a sophisticated direct search teclmique, 
. 
and unlike the Fletcher-Powell procedure discussed la.ter, no 
error gra.dients have to be comPuted. It was found. that, using 
the same poor initial approxima.tion as for the direct search, 
no convergence was obtained. Further work showed that this 
method is best used when there is a good approximation to the 
optimal solution as a starting point. With the results of the 
direct search as starting values the curves of Fig. 8.2 were 
obtained. Even with 400 iterations, occupying 2 min. 33 sec. 
of computer time, no convergent result coUld be obtained. The 
most likely explanation for this is that the shape of the error ' 
curve near the optimum point caused the simplex to expand and 
contract in a very slowly convergent manner. 
The third optimization method used WaS a "Fletcher-Powell" 
procedure l1 • ' For this, the gradient of the error function with 
respect:to each of the variables must be computed; Again ,it 
was found.that a poor starting value gave non-convergent results. 
The use of the direct search Values, however,' gave the follov~ 
results. 
No. of equalizers 
6 
. max. error 
(nsec) 
0.06 
0.16 
0.87 
time taken 
1 m. 38 sec. 
1 m. 43 sec. 
25 sec. 
The error curves for the five and six section equalizers are 
shown in Fig. 8.3. 'Both the curves show an almost equi-ripp1e 
characteristic. 
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8.3.2 The Filter 
The filter characteristic is shown in Fig. 8.4a. An 
eight section equalizer was chosen, and application of the 
direct search procedure yielded the error curve of Fig. 8.41>. 
These results were then used with the "Fletcher-Powell" 
program, and the curve of Fig. 8.40 resulted •. Total computer 
time: 2 min. 40 sec. The error curve, however is not equi-
ripple, which suggests that the direct search has settled in 
a local minimum, and not in the required global minimum. 
8.4 Conclusions 
The work outlined in Section 8.3 has shown that.normal 
optimization techniques are quite adequate to obtain 
approximately equi-ripple error curves. Such techniques are 
readily available, and so can be directly applied to synthesis 
<. 
problems in the microwave region. 
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9.1.1 Review of Previous Work 
A fairly comprehensive set of referenoes on the measuremen~ 
of group-delay up to 1965 is contained in a review article by 
Bova~. 
A survey of the available literature shaHs that four basic 
methods' have been used to measure' group-delay. These are:-
(1) direct measurement of the phase shift through the 
device, and differentiation of the phase-frequency 
curve to give the group-delay. 
(2) .ampli tude modulation of the carrier frequency 
(3), frequency modulation of the carrier frequency 
(4) measurement of pulse propagation times throUgh 
the device. 
(1) The direct measurement method is the simplest 'in 
principle, but is difficult to 'implement. ,If high accuracy is 
required, the phase characteristic cannot.be differentiated 
/ 
gt'aphically. 'The method used in the lliwlett-Packard "automatic 
network analyser" (Model 8540A) is to automatically 'shift the 
carrier frequency in. known increments"measure the phase shift 
through the device at each frequency, and obtain the increments 
in phase. ' The group-delay is then given approximately by the 
ratio of the phase and the frequency incre~ents. With a 
programmed computer to perform the computations and supervise 
the increments in frequency, the measurement accuracy is of the 
order of ±O.l nsec, and delay curves can be obtained in a short 
time. Ibwever, if an "on-linen computer is not available, the 
method b7comes extremely cumbersome and slow, with very low 
accuracy unless extreme care is taken. In addition, the 8540A 
is verY expensive. 
(2)' The amplitude modulation technique is an extension of 
,the method suggested. by Nyquist and Brand 2 • who make the 
. " 
• 
/ 
I 
. \ 
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assumption that the group-delay can be approximated by 
~ 0 ~l - :21 
(1)0 . CIJ. - 2 CIlO 
where . ~l is the phase shift of signal 1I)l. in passing through 
the device 
~2 is the phase shift of signal (1)2 in passing through the 
device 
1116 is the median of CIJ. and (1)2' 
The basic block diagram o~ an amplitude modulated system is 
shown in Fig. 9.1. The two signals, l1J. and (1)2 are the two 
sidebands of a sinusoidally modulated carrier. and by compariri.g 
the phase of the modulation envelope b~ore and after passing 
through the device under test, equation (9.1) can be used to 
obtain the group-delay. 
(3) A system using frequency modulation has been developed· 
. by Turner and Lisneys ~or measuring group:delay in the 3.7 ;. 4.2 
GHz satellite, band. A simplified block diagram of their apparatus 
is shown in Fig. 9.2.. The modulation index is kept low enough. 
for only the first two sidebands to be significant. The basic 
operation of the system, is therefore the same as for the 
amplitude modulation case. The accuracy claimed for the system 
is;!;, 0.1 neec for point-by-point measurements. and ;!;,0.2 neec 
~ar swept ~requency measurements. 
(4) The measurement of pulse transit times through the 
device is not feasible at microwave frequencies since, for a 
resolution of 0.1 neec, the pulse edge must have a rise time of 
this order. Such a rise time would have a broad ~requency 
spectrum associated with it, thereby masking any fine structure 
in. the group-delay characteristic. 
This review has shown that there are two feasible systems, 
the amplitude modulation, and frequency modulation techniques. 
• 
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, In the follOl'ling sections, the amplitude modulation method is 
studied in greater detail. It is shown that this system can' 
achieve accuracies of + 0.2 nsec with a reasonable amount 'of, 
- , 
equipment and setting up. 
Outline of the basic measuring system 
The r.£'., output from the sweep oscillator is levelled by 
means of an external feedback loop which ensures that the r.f. 
output at point A in Fig. 9.1 is flat to within 0.5 dB over the 
f~quency band being swept. The p-i-n diode moaulator is fed 
by a d.c. source and video oscillator with values such that a 
sine wave modulated carrier is obtained atpointA. The phase 
of the modulated signal is sampled and detected before and after, 
passage through the device under test. 'The phases of the two ' 
detected envelopes are compared in a vector voltmeter, and 
their phase difference displayed. As shown in Appendix, A, ,the 
group delay, ~, of the device under test'is related to the 
phase difference, Aq, by the apprOXimation 
or 0 M. 
Cl)Di 
where Cl) is the angular frequency of the modulating signal. 
m, , 
Since the output from the vector voltmeter is proportional to 
the phase'shift in degrees, eqn. (9.2) shows that, for a 
modulation frequency of 2.78 MEZ, one degree corresponds to one 
nanosecond of delay. 
The absolute-delay of a device is found by removing the 
device from the circuit, noting the phase reading, and then, 
placing it back in the circuit. The difference in phase 
readings being the absolute delay at that frequency. 
9.1.) Sources of errors • 
(a) Spurious signals 
I 
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Since the definition of group-delay outlined in Section 1.3 
is concerned with only the transmitted wave at the output of the 
device, waves which have suffered multiple reflections within 
the measuring system must be regarded as spurious. If the· 
. signal which has suffered no reflections produces an input 
voltage ~ at the vector vol meter, whilst the signal which has 
been reflected, and is consequently cf a much smaller magnitude 
than the first, produces an input E2 pf the same .frequency, the' 
phase of the composite signal may differ from that of the 
wanted signal by up to 
E/~ . ----~~~-----radians 
Such unwanted signals can arise from several sources. The 
sweep oscillators not only generate harmonics, but also other 
spurious Signals, and these will be amplitudemod.u?-.ated. Since 
the group-delay at the frequency of the spurious signal will be .. 
different from that at the frequency of interest, the wanted 
and unwanted modulation envelopes will differ in phase at the 
output, thereby producing an error. 
Since the modulator is not ideal, it will generate 
harmonics of the modulation frequency which will also be 
impressed on the r.f. signal •. Since these harmonics may have 
a different group-delay through the device from that of 'the .. 
fundamental, there is a possible source of error. If, h§Wever, 
the output detector is a perfect square-law device, i.e. 
voltage output is proportional to power input, and the input 
power to it is of the form 
Pin = PI cos(oom t + t;,"'~ + P2cos (prom t + 66) 
where p is the harmonic number, then the detected output will 
be proportional to the above power. Since the vector voltmeter 
! 
• 
" 
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locks on to the s'tronger signal, and has an effective bandwidth 
of'only a few kilohertz, tho pIth harmonic is rejected, and. so 
no errors are introd.u~ed. 'If, however, the detector has an 
input-output characteristic which is not a square-law, ~. two. 
of the modulation harmonics present in the input may interact 
to give a difference frequency· term with the samo frequency as 
the wanted signal. For example, if there is a signal at 
frequency 200 as well as at co , there may be a difference at 
m m. 
frequency (2co - (0) = co, which the vector voltmeter will 
m m m·. . 
also accept, thereby giving an erronious reading. 
The last, and most important, source of spurious siE,'llals 
are multiple reflections within the system. Since all the 
components have V.S.W.R.s which differ from unity, reflections 
must be present in the system. For example, one such reflection 
path is that due to the signal which is reflected from the output 
pad, traverses the device, is reflected from the reference 
coupler, and returns to the output detector via the device. 
(b) Non-linear phase 
If the phase characteristic of the device is not linear . 
over a frequency interval of m~ times the modulation frequency, 
centred on the carrier frequency, the measured group-delay will 
not be the true group-delay. This is because the derivation of 
equation (~A.9) is' based on an assumption which is no longer 
valid. 
It is shO'/ltl in Appen<lix 90, that the error between the 
measured and actual group-delay at a frequency w. is given by 
equation (90.10) 
error = E bi ' (00 -00 )(i - 2) OOm2 i (i-l) i=o 0 0 ~
where bi are the coefficients of' the polynomial expansion of the 
\ . 
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group-delay curve about frequency III ,(J) is the modulation 
o m 
frequency, and (1)0 the measurement frequency. The expression 
shows that the error will increase as the square of the 
modulating frequenoy. It is therefore neoessary, for high 
aoouraoy measurements, that the modulation frequency be kept 
as law as possible. 
The analysis of Appendix 9Chas, however, assumed that the 
polynomial of the true group-delay ourve is known, and this is . 
what 'We are trying to find. What is measured is the summation 
of the true group-delay.ourve and the error. The ooefficients 
of the polynomial for the true curve can be found as follows. 
The group-delay measured is given by an equation, similar 
to equation (90.8) with a shifted zero: 
measured value 
n 
'" Z 
i=O 
2(,.) (i + 1) 
m 
- (J) . 
III 
at frequency. IIlO. By measuring the delay at a .speoific munber of . I 
. points, equal to the number of coeff.icients required, spread over 
the frequency range of interest, a matrix is formed from whioh 
the polynomial coefficients, bi , can be evaluated by digital 
oomputer. 
If, however, ohanges in the group-delay curve are not 
appreciable in an interval of twice the modulation frequency, 
. the errors will be small compared to the absolute delay. It is 
then adequate to compute the error from the polynomial of the 
measured curve, reverse its sign, and· add it to the measured 
delay. The resultant curve will then agree with the zero 
modulation frequency curV-e with an error considerably smaller 
than the computed error. This technique is best achieved by 
processing the information, obtained from the original plot, in 
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. a digital computer. 
(0) Vector Voltmeter 
The vector voltm~ter used for the present investigation was 
a Hewlett-Packard Model No. 8405A. The two r.f. signals, which· 
can lie in the range 1 to 1000 MHZ are converted into two 20 KEZ 
is.> signals, which retain the same amplitudes, waveforms; and 
phase relationship. This is done by a similar principle to that 
used in the sampling oscilloscope. The r.f. singal is sampled 
once per period, the sampling point being progressively shifted 
along the waveform by means of a voltage controlled oscillator. 
The sample value is then stretched until the next sample is 
taken. The composite wav6form is therefore of a 'l).Iantised 
nature. 
Before application to the phase meter, the two 20 kHZ 
sinusoidal fundamental signals are extracted from the i.f. 
signals ~ narrowband filters. The extracted signals are then 
amplified and clipped, retaining only the phase difference ~. 
The triggers generate a square wave with a mark-space ratio 
proportional to the time between triggers, and therefore to ~. 
The average current through the phase meter is governed by 
the mark-space ratio of the square wave, and so the meter 
indication is proportional to the phase difference, ~. between 
the original inputs. 
Due to the sampling, there will be a certain amount of 
jitter in the generated triggers. This results in a phase 
jitter, which imposes a fundamental limit on the accuracy. The 
jitter quoted for the 8405A is 0.1 degrees. 
If the phase difference between the input signals is a 
rapidly varying function of time, as would happen for example 
if the sweep oscillator were sweeping quickly, the meter phase 
output will be in error. This occurs because the sampling 
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section cannot obtain sufficient samples to build up' a true 
composite waveform before the phase difference between the 
inpUts has altered. It is, essential therefore that the rate 
of change of inpUt phase di.f'ferencewith time be small'. 
The insertion-loss of the device under test will reduce 
the input at one channel of the voltmeter relative to the 
other input. If the loss is high. the input vOltage'will be 
inSufficient to generate stable triggering pulses. and so the 
phase jitter will increase. A limit can therefore be placed 
on the maximum insertion loss allowable, compatible with a 
given accuracy of measurement. 
(d) Crystal detectors and frequency multiplication 
The,equivalent circuit of the crystal detectors used is 
shown in Fig. 9.3a. where r is the appropriate slope resistance 
of the diode. - Since r is determined by the bias point. which 
is in turn dependent on the r.f. level. there is a change in 
the phase shift through the detector as the r.f. level varies. 
The slope resistance is given b.1 
r = av 
Tr 
= 1.3 k T 
- 6 5 x 10 q 
Cxp [ - ~~3 kT ) 
Substituting appropriate values forq, k and T: 
r = 6.73 exp [- 29.7 V)]d'l 
From Fig. 9.3b. the phase shift through the detector. V, 
is given-by 
V = Arg (XV) ~ Arg (1 + j ~ (R+ r) ) 
= tan- 1 wC(R + r) 
Substituting typical values. e.g. 
C = lO-l~, r = 6.73 ld'l, R = 500, 
(9.8) 
6 
w=2?tx2xlO 
, - 1 
rad sec 
diode 
1------ ----I 
: 0'05pF: 
1 1 
. I 1 
1 1 
1 1 
1 1 
o---~~~~ \,--+-~~--~ 
1 r 1 
rf input 
---
I 1 L __ -' _______ I 
R 
50.0. 
r = diode slope resistance 
a- Equivalent circuit of detector 
R r 
+ 
v c-
b - Video circuit 
F1G 9'3 The detector 
video output 
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- 1· . 
'11 . = tan 0.852 
'11 =. 4.00 26' 
A 1% change in r results in 
'12 = tan-·
1 0.8595 
= 4J)0 U' 
A 1% change inr therefore produces a phase change of.0.25 degrees. 
With a 500 load resistor, R', on the ·output, we now .have 
,-1 ( ) 
. '1 = tan wC R'r + R 
r + R + R'., 
and a 1% change in r gives 
'11 ' = tan - 1 .0062372 
'1 ' 2 
= 0.3574- degrees .. 
= 0.35738 degrees. 
The addition of the 500 load has therefore reduced the phase 
shift through the diode by a considerable .factor. In the 
measuring equipment, 500 loads were used on both the reference 
path and test path detectors. 
From equation (9.S), 
. -1 
rad. ohm 
. . 7· . 
Thus, for r = 6.73k!l, R = 500, and Cl) = 21t X 10 (1011Hz 
modulation frequency), the sensitivity of "'1 to changes in r is 
given by 
.ll = 
or 
r£ 
5.25 
5 Also, for 100 kHz modulation frequency, Cl) = 21t X 10 , and we have. 
(9~1l) 
The ratio of equations (9.10) and (9.11) give 
sensitivity at lookr~ = 1 
sensitivity at 10 MHz 19.9 
From this we deduce that if a given change in input r.f. power 
• 
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. produces a phase change of 0.1 degree at 10 MHz, the same 
power change \'Iill give a phase change of 0.1/19.9 00.005 
degrees a.t 100 kHz. . 
The above computation is of special interest when the 
use of a frequency multiplier between the crystal outputs 
and the vector voltmeter is considered. If the error due to 
Section 9.1.3 (b) is to be reduced, the modulation frequency· 
must be as low as possible. There is the conflicting demand 
. of Section 9.1.3 (c) that ·the modulation frequency be kept 
as high as possible to reduce the error due to phase jitter. 
These requirements can both be satisfied by using a low 
. modulation frequency, feeding the crystal outputs to a 
frequency multiplier, which also multiplies the phase difference, 
and applying the two high frequency signals so derived to the 
vector voltmeter. The output from the vector voltmeter is 
processed exactly as if the higher frequency had been used· 
throughout. lbvlever, the error due to phase shift through 
the detectors is not the same as if the higher modulation had 
been used throughout. If the phase change, due to an alteration 
in signal levels, at ll.l MHz is 0.1 degrees, the phase change 
at 100 kHz for the same change is, from the above calculation, 
0.005 degrees. This phase change of 0.005 degrees is, however, 
multiplied with the frequency, to give a phase change at the 
output of the frequency multiplier of III x 0.005 00.5 degrees 
at a frequency of ll.l MHz. By using a low modulation frequency, 
and a frequency multiplier, the error due to a change in signal 
amplitude is five times 1'/orse than if a high modulation 
frequency had been used throughout! 
(e) Modulation freguenc,r 
Since the value of the modulation f::-equency appears directly 
in the computation of group-delay, any error in this frequency 
~' , 
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. will manifest itself as a proportionate error in the group-
delay. 
9.1.4 Design of, and Measurements on the Complete System 
A block diagram ef the complete measuring system used is 
shown in Fig. 9.4. 
(a) Spurious signals 
The microwave sweep oscillator used was a Hewlett-Packard 
Model No. 693D. The specification for this states harmonics to 
be at least 20 dB below the C.W. output, and non-harmonics at 
least 40 dB below the C.W. output. Measurements using a 
spectrum analyser gave results indicating a performance 
considerably better than this, with the second harmonic 30.dB 
below the fundamental, and non~harmonics at least 50 dB below 
the fundamental. To completelY eliminate any errors due to 
harmonics and high frequency non-harmonic signals, a low-pass 
filter for inclusion in the output line from the generator. was 
designed and built. 
The filter used was a.conventional co-axial low-pass 
structure such as described by Matthaei, Jones and Young4. The 
cut-off frequency was chosen to be about 6.5 GHz, with an 
insertion-loss of at least 40 dB at 7.0 GHz, and no spurious 
responses until at least 10 GHz. Using a computer ·programme . 
based on the iterative solution of the equations given in 
reference 4, in conjunction with subroutines to compute the 
fringing capacitance, the required filter design was obtained,. 
as shown in Fig. 9.5. The theoretical response displayed 
0.1 dB ripple in the pass-band, with a cut-off frequency of· 
6.46 GHz, and 40 dB insertion loss at 7 GHz. - Measurements on 
the completed filter (Fig. 9.6) showed a pass band insertion 
loss of 0.5 dB, due mainly to the effects of finite 
conductivity which was not taken into account in the filter 
·'1' 
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analysis. The 40 dB insertion-loss point was measured·at 
9.95 GHz, and the response found. to be spurious-free up to 
12.5 GHz.. The inner ·oonductor of the filter was formed· by 
soft soldering the large diameter shunt capacitance sections 
onto a· length of wire which formed the high impedance sections. 
The capacitive elements were formed by drilling a P.T.F.E. rod 
to an internal diameter slightly smaller than a length of rod 
of the correct diameter. The P.T.F.E~ was then forced onto 
the rod, the external dimension machined to the correct value, 
the hole for the wire drilled, and the required elements parted 
off. The whole assembly was then cooled, and inserted into the 
Rollet tube. 
The video signal source usedwas a Marconi Instruments 
video oscillator No. T.F.885A,. The d.c. bias was adjusted 
until the P.I.N. modulator gave a maximum depth of modulation. 
The measured second harmonic of the video signal source w~s 
50 dB down on the fundamental, ana the third harmonio 53 dB down. 
The contribution to harmonic output from the P.I.N. modulator 
due to the video generator was theref~e neglected. B.r means 
of a spectrum analyser, the second harmonic output from the 
mOdulatOr, due to nonlinearitles, was found to be 35 dB dmID on 
the fundamental, and 50 dB down on the carrier. The third 
harmonic was 40 dB down on the fundamental. Due to the narrow 
bandwidth of the vector voltmeter, and the relative niagnitudes 
of the harmonics, therefore, the only error due to harmonics was 
due to harmonic mixing in the crystal detectors. Sinoe care was 
taken to ensure that the crystals operated under approximately 
square-law conai tions, the magnitude of the fundamental component, 
generated by the mixing between the fundamental ana second 
• The fabrication of the filter ,vas undertaken by Mr.· Pink of 
the Marconi research workshops, and it is considered to be 
. due. mainly to his very high quality work that such good 
agreement between theory and experiment was obtained. 
;;:. 
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harmonic powers due to the terms of order greater than tWo in 
the crystal law, was concluded to be negligible compared to 
other sources of error. 
Measurements with a harmonic analyser on the output 
from the crystals shO\ved third harmonic outputs 4D dB down on 
the fundamental, and fourth harmonic outputs 50 dB down. The· 
third harmonic output was partially caused by mixing be~veen 
fundamental and second harmonic powers incident on the crystal. 
The mixing properties of non-linearities imply that the component 
generated at fundamental frequenoywould be of comparable 
magnitude to the component generated at the third harmonic. The 
signal added to the fundaruental was therefore at least 40 dB 
down on the fundamental. 
The error due to multiple reflections in the system varied, 
depending on whether an absolute value or relative value of 
group-delay was required. The measurement of absolute delay 
with the equipment was carried out as follOlVs. The phase 
reading with the device replaced by a short circuit was noted. 
The device was then inserted into the system, and the change in 
phase reading gave the group-delay. The reflections within 
the system for the· two cases can be completely different, and 
so· the worst cases in the error analysis must be used. With 
measurements of relative changes in group-delay, the device is 
always present, and the only error will be due to the change in 
the·component V.S.W.R.s with frequenc,y. These changes may be 
very small compared with the V.S.W.R.s themselves. Therefore, 
if· only the variation of group-delay over a band is ,required, 
and the V.S.W.R.s of the. components remain constant aver the 
band, the measurement of variations in group-delay can be of 
. a much higher accuracy. 
AQy reflectiOns from the output of the automatic level 
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control (ADC) loop could be treated as additions to the primary 
signal, and 60 did not introduce error. It was preferable, 
however, to keep such reflections 101'1, and this was· achieved by·.· 
. . 
keeping the modulator, which had a V.S.W.R~ of 2 to 1, inside 
the ADC loop, the output from the loop presenting El. good match. 
The measured V.S.W.R.ts of the remaining components are given, 
with the equivalent return loss in dBs in Table 1. 
TABLE 1 
Device V.S.W.R. Return Loss 
(dB) 
10 dB attenuator < 1.05 > 32 
10 dB coupler < 1.05 > 32 
detector < 1.2 > 21 
device < 2.0 > 9.5 
Due to the uncertainty in locating the planes at which the 
discontinllities in the components occurred, a worst-case 
computation was used for each possible reflection path by. 
using equation (9.3)., 
For the signal reflected first from the 10 dB pad, and 
then from the device, then back to the test detector, the 
overall return loss was 32 + 9.5 ;. 4J..5 dB. Since the 
detector was operating in its square law region, the voltage· 
output was proportional to the power input, 
.. '. 10 loglO E2 = - 4J..5 
~ 
or E/~ = l/14J.25 
From equation (9.3), 
max error IQ: 1/141:25 rad E 0.00405 degrees. _ 
. Thus the =i= error that could occur due to this multiple 
reflection was· 0.00405 degrees. 
B.r. repeating the above computation for the other possible 
; 
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reflection paths the foll~r.lng contributions were· obtained 
for errors at the test detector. 
path 
pad-+coupler· 
device->Coupler 
detector->d.evice 
detector-+coupler 
return loss 
(dB) 
64-
41.5 
50.5 
73.0 
maximum error· 
(degrees) 
0.000023 
0.004-05 
0.00051 
- 6 2.8 x 10 
The worst possible case was where these contributions added, . 
giving an error at 0.00863 degrees. 
Due to the finite directivity of the coupler feeding the 
reference channel, signals reflected from the components 
following the coupler could appear in the reference detector, 
thereby creating errors. For example, with a measured 
directivity of 30 dB, and a coupling factor of 10 dB, the 
signal reflected from the device would appear in the detector 
attenuated by 14- + 30 = 44 dB. lbwever,. the main signal :vas 
attenuated by 10 dB, giving 
10 10810 E/El = - 44 + 10 :: - 34-
E/El = 1/2,511.9 
which corresponds to a maximum error at 0.02185 degrees •. The 
contributions from other reflections are listed below: 
path· 
pad .. 
detector .. 
effective return loss 
(dB) 
52 
41 
maximum error 
(degrees) 
0.00028 
The worst error in the reference pathvms therefore 0.0266 
degrees. 
By addition, the overall maximum error due to multiple 
reflections was 0.0266 + 0.0086 = 0.03518 degrees. For a 
modulation frequency of 1.38 MHz this corresponded to. a group-
delay error of ± 0.06 nsec. 
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(b) Non-linear phase 
Although the errors caused by.this source could have been. 
computed from eqUatio.~ (9.5), a more direct approach was taJcen' 
by considering the theoretical results obtained for the tapped-
resonator-circulator equalizer, described in Chapter 3. In the 
theoretical computation of the group-delay curve, the phase was 
calculated at two frequencies equally separated from the center 
frequency, the group-delay computed from their dif:t:erence, and 
presented as the group-delay at the center frequency. This, 
basic method of numerical differentiation was very similar to 
the process involved in the amplitude modulation technique. By 
varying the separation of the two sampling frequencies, the 
effect of the modulation frequency on the measured group-delay 
could be seen. A tapping fraction of 0.47 was chosen with a 
resonant frequency of 4 GHz, corresponding toa QD of 100 • 
. 
This gave a group-delay maximum of 14 nsec, and was considered 
to be the highest value of QD likely to be measured. The 
following results were obtained: 
frequency deviation 
(MHz) . 
delay at 4 GHz 
(nsec) 
delay at 3.98 GHz 
(n'lec) 
0.1 14.25146 8.10852 
1.39 14.22245 8.11537 
.2.78 14.16942 8.12790 
The frequency 3.98 GHz corresponded to the point of maximum 
curvature of the phase characteristic. The differences from 
the values for a deviation of 0.1 MHz were as shown below. 
• 
,frequency deviation 
(MHz) , 
difference at 4 GHz 
(nsec) 
difference at 3.98GHz 
(nsec) 
1.39 
2.78 
- 0.02901 
- 0.08204-
+ 0.00685 
+ 0.0125 
The errors due to curvature of the phase characteristic 
were computed from equation (9.C.I0) to be [- 0.013] nsec for 
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1.39 MHz and [- 0.0,54] nseo for 2.78 MHz, at a freqUency of 
4. GHz. The values were not expeoted to be accurate, since' 
the curve-fit procedure used did'not produce a good fit with 
. 
the low order polynomial used. The magnitudes, and variations 
with modulation frequency were, however, in good agreement with' 
the tabulated values above. 
(0) Vector Voltmeter 
The phase jitter in the output of the vector voltmeter was 
0.1 degree peak to peak, giving a limit of ~ 0.05 degree. Since 
the group-delay curves ;vere plotted using an X-Y pen recorder, 
the inertia of the inking mechanism averaged out the jitter, so 
reducing inaccuracies due to the jitter. The maker's, 
. ,. 
specifications for the voltmeter quote the pen recorder output 
as tracking the meter reading to withini 1.5%0£ full soale 
deflection. For a full scale deflection of 6 degrees, the 
possible error is ~ 0.09 degrees. With a full scale deflection 
of 18 degrees, the error is ~ 0.27 degrees. 
(d) Crystal detectors 
The reference channel and test channel crystal detectors 
were a matched pair, thereby ensuring uniformity of tracking. 
The phase shift of ,the modulation through the detectors with 
changes in r.f. power was measured with the apparatus shol'ln 
in Fig. 9.7. It is easy to show that the resultant of the 
incident and reflected waves in the slotted line is a standing 
wave in which ,the amplitude of the modulation envelope varies 
'with distance, but the phase remains constant. By moving the 
, detector along the line, any phase shifts due to changes in 
the r.f. power level could be detected on the vector voltmeter. 
Tests ort the tI'Io detectors showed that, when working in 
. the square law range, it variation of 10 dB in the input power 
produced no visible change in the phase shift. The error due 
. 
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. to such phase shifts was therefore concluded to be less· than 
0.05 degrees. 
(e) Modulation Frequencx 
Since several harmonics of 1.38 MHz were required for use, 
it was decided to use a modulation source consisting of a 
Marconi video signal generator, and a highly stable 1.38 11Hz 
oscillator. By means of Lissajou figures, the variable 
generator could then be accurately set to any desired harmonic 
to within a few Hertz. 
The circuit diagram of the complete oscilla tor is shown· in ' 
Fig. 9.8. The output from the oscillator was fed into a 1.38,14Hz 
tuned amplifier, which gave sufficient output to drive the 
X-deflection plates of the oscilloscope. Feedback via a 'raysistort 
element ensured that the amplitude of th", oscillation was constant 
with time. By means of a voltage diVider, the output could be 
used to drive the P.I.N. diode modulator directly if required. 
Measurements with a frequency counter showed tJ:..at two 
minutes 'after switching on, 
in 106, and after one hour, 
the frequency was 
. 6 
2 parts in 10 • 
correct to 3 parts ... 
The errors so far have reached a total of 0.035 + 0.03 + 
0.09 + 0.05 = 0.2 degrees. An upper limit to the error in 
measuring variations in groUp-delay was therefore set at.± O.lt. 
nsec with a modulation frequency of 1.38 11Hz, or.± 0.3 nsecwith 
a modulation frequency·of 2.7 MHz. It should be emphasised that 
the above errors are worst possible cases, and in the majority 
of measurements taken with the· equipment, the error was 
probably no more·than.± 0.2 nsec with a modulation frequency of 
1.38 MHz. 
The technique of recOrding a group-del~ characteristic 
was to trace the curve on paper by means of anX-Y plotter, and 
then, with the device removed from the system, put on 
. 
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calibration lines by moving the phase zero of the veotor 
voltmeter in equal inorements. The values of group-de1ay at 
individual. frequenoies were then obtained by measurements on 
the plot. Such a methOd can easily introduoe slight errors, 
the magnitUde of which are dependent on the soales used, so· 
rendering it difficult to· ascribe a speoific value to them. 
This source of· error was probably the major cause of slight 
deviations noted in the comparison of measured and theoretical 
delay curves. 
The tapped-resonator-oiroulator desoribed in Chapter 3 
was considered to be the only equalizer having an aoourate~ 
known group-delay curve which oould serve as a reference •. 
. The curves Fig. 3.6, 3.7 of Chapter 3 shOlv the measured and 
predicted group-delay curves for two tapping points, one giving 
a small group delay variation, the other a large variation. 
The agreement between the predicted and measured curves is· 
wi.thin .:!; 0.2 neec. 
9.1.5 Wave guide version of measuring equipment 
To enable measurements to be carried out on the waveguide 
equalizer described in Chapter 4, a waveguide-14 version of the 
measuring equipment described in Section 9.1.2 was construoted. 
This was basically the same as the co-axial version desoribed, 
. but the low. pass filter was of the "waffle-iron" type S • An 
~sis of possible errors gave an overall value of .:!; 0.35 neeo 
wi.th a modulation frequency of 1.38 11Hz. 
To test the accuracy of the system, the delay of a 10 ft. 
length of waveguide-14 was measured at 5894.5 11Hz. The 
computed group-delay was 14.87 neeo, and the followirig results 
were obtained: 
\ 
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modulation frequency 
(MHz) 
measured group 
del~ 
(nsec) 
14.6 
14.75 
14.75 
possible' error 
'. (nsec) 
+ 0.35 
- . 
± 0.20 
± 0.12 
The results confirmed to some extent the expected accuracies, 
. an uncertainty being present in the predicted value of delay 
due to waveguide tolerances. 
9.1.6 Conclusions 
It has been shown that with readily available components,· 
a group-delay measuring set can be constructed with a' 
measurement accuracy better than~ 0.4 nsec. 
9~2 . For the freguency range 20 - 100 GHz 
9.2.1 Review of Previous Work . .' 
The basic methods of measurement have been outlined in 
Section 9.1.1, and two of them have been implemented at 
millimeter-wave frequencies. 
An amplitude moduLation system developed by Chasek8 
utilises the approximation of equation (9.1). A two-tone r.f. 
Signal!!).. 002 is generated, and fed through the unknown network. 
The phase'shift factor is recovered by demodulation of thetvlo 
tone signal, the difference term from the squaro law detectca:-
being of the form 
Sin[ (001 - 002)t + (~l - ~2) J . . 
By comparing this with the reference, 
sin (001 - 002)t 
an output proportional to (~l -~2) is obtained, and division 
by (~ - 002), a fixed quantity. gives an approxiina tion to the 
group-delay. This approximation improves as (001 ,. (02) decreases. 
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A simplif'ied circuit is shO'lm in Fig. 9.9 •. Comparison 
switching alternately replaces the unknown device with an equal 
, 
length ~ Vlaveguide,and at the same time switches the delay . 
standard in and out of the i.t'. reference path. The envelope 
resulting from the two-tone signal in the unknown path is 
recovered by a detector, and fed into the phase comparator •. 
The reference envelope is recovered by a second detector. and 
similarly t'ed into the phase comparator. During halt' ot'. the 
switching cycle. the signal through the unknovm is compared to 
the signal through the delay standard. The other halt' ot' the 
sWitchi~ cycle is used for zeroing purposes, with permits a 
reference phase comparison. Voltages proportional.to the two 
phase comparisons are sampled, and stored in two capac:i.tors. 
A differential d.c. amplifier and null meter are used to indicate. 
when the phase dif'ference between the two readings is zero. 
This occurs when sufficient delay has been inserted by means ~ 
the i.f. standard to equal the delay of the unknovm device. 
Delay in nanoseconds is then read directly on the calibrated 
standard. 
The accuracy claimed is ;!; 0.2 nsec. the main source of 
error being the calibration of the standard. To cover wide 
bandwidths, two backward wave oscillators . are required, and 
they must be phase-locked to give the necessary stable frequency 
dif'ference. The separation used by Chasek was 10 MHz, and 
appreciable error can occur with this separation if narrOlv band 
equalizers are being measured. Good detectors, isolators, and 
low reflection pads are required, and if' the equipment is to be 
swept over a wide-band, these must be broad-band. Such 
components are commercially available up to 40 GHz, but not 
above. The resolution ot' the phase measuring equipment was not 
discussed. 
., 
; 
I , 
; 
. 
! 
• 
, 
j' 
, 
unknown path . 
.--- X--, 
it amp. 
t,--------,f 
,---detector--1 /"----. 
phase _switched~ ditto .. null 
compamlor detector amp. i nd. 
f~a1 
L---;:----:-::-:=_ deleclor-_ .~_--' 
refere nce pa t h t t 
• FIG 9·9 A millimeler wavetength g~oup-detay 
measuring equipment' 
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. . . 
Fujii, Nakagawa, and Shimba 7 used a frequencymodUl:a.tion· 
technique very similar to that of Turner and Lisney3~ They 
. give no breakdown of the sources of error, and although an 
accuracy of 0.02 nsec is claimed, this is more likely to be a 
value for the resolution of the system. From the published 
curves· comparing theoretical and practical results, an 
approximate error of + 0.4 nsec seems more realistic. 
9.2.2 Discussion of the proposed method 
, 
Th~ proposed method of measuring group-delay at millimeter 
wavelengths, is an adaptation of the amplitude modulation 
technique discussed in detail in Section 9.1; and shown in 
Fig. 9.4. Owing to the difficulty of constructing low-pass 
filters in the millimetric range, this component ~ll be absent. 
The amplitude modulator is of the faraday rotation type, and can 
modulate an RP carrier at 1.38 !.1Hz. The bandwidth over which 
such a modulator can operate is typically 1 GHz at a centre 
frequency of 35 GHz 8 , and so severely limits the useable 
frequency range. Waveguide directional couplers with 
directivities in excess of 40 dB, and high quality crystal 
detectors are available for the whole millimetric band. 
The use of a :klystron in such a system would reduce the 
system flexibility, since the electronic tuning range is limited 
to 100 !.1Hz or so. Recently, however, the Sanders Division of 
Marconi Instruments have produced a. plug-in unit which can 
sweep,la - 26.5 GHz and 26.5 - 40.0 GHz, and this can be 
levelled in the conventional manner. 
The bandwidth limitation is now set only by the modulator, 
and it would seem that by increasing the complexity of the 
matching circuits' this can be improved. The accuracy of such a 
system, since it so closely resembles the microwave circuit is 
expected to be of 'the same order i.e. ± 0.2 nsec. 
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The relationshiu'betweengrou~elay and envelope phase shift 
The p-i-n diode modulator is basically a variable resistance 
across the transmission line as f'ar as'a microwave signal is 
concerned. The video signal varies this resistance, and so varies 
the amount of r.f. power absorbed. The mod.ula tor theref'ore prod.uces 
a sine-wave mod.ulated. power output for a sine wave vid.eo input. Thus: 
Po = P [1 + M cosw t ] 
m . 
where M is the mod.ulation ind.ex, and. wm the vid.eo frequency., To obtain 
eqn. (9A.1) the electric field. must have the form 
1 
Eo = E [1+ M cosw t ]2 cosoo t (9A.2) 
, m c 
where 00 is the carrier f'requency, and. E is a constant. At the input 
c 
to the device under test we have 
i 
Ein = 'E [1 + Id cosoo
m 
t )2 cosooc t 
i 
since [1 + M cosoo t)2 is an even function, ,it can be expanded. as a ' 
m 
, Fourier series to give 
Ein' = E [1 + 2::' A cos noo t] cos 00 t 
n n III 0 
ElCpand.ing the product terms, we have 
Ein "=, E cosoo t + E Z A [cos(oo - noo)t + cos c -n n ,C III 2 
(00 + noo )t] 
o III 
(9A.4) 
If the phase shift through the device at frequency 00 ' is </>, at frequency 
., C 
(00 - nw ) is (</> - nl!.q,), and. at frequency (00 + noo ) is (</> + nl!.q,), 
c m cm, , 
and. the amplitudes of' the signals suffer ho change, the output of the 
devioe is given by substitution into eqn. (9A.4)~ 
E out = E[l + f An cos n (OOm t + M)] cos (000 t +</» (9A~5) 
i 
i.e. E
out :: E[l + Id cos (oomt + M)] 2 cos (ooct + </» (9A.6) 
The power at the input to the d.evice, f~om eqn. (9A.2) is 
Pin = P [1 + M COSOOmt ] 
and at the output is, from eqn. (9A.6) 
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Pout = P [1 + 11 cos (w
mt + /yf,)] . (9A.8) 
I:f'square-law detectors are used to detect the input and 
output powers, the video output voltages will be proportional to 
Pin and Pout. 
The group-delay is given by the slope of the phase 
characteristic, 
From equations (9A.7), (9A.8), it is seen that the vector voltmeter 
will produce the phase shift, 6~. which is proportional to the 
. . 
group-delay. 
The assumption of a linear phase shif't over an ·interval of 
many times the modulation frequency may not be justified :f'or large 
values of modulation frequency. The errors which this can lead to 
are· discussed more ·fully in Section 9.1.4 (b). 
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APPENDJX 9B 
The analysis of errors due to spurious sipnals 
Consider ~vo signals srriving at the output detector; the power 
in the first is given by. 
Pl = PA oos (oomtl + 1» 
and in the second by 
P2 = PB 0013 (OOmtl + 1> +, 6</» 
where PB < PA• 
Since the detector is working in its square law region, the· input to 
the.veotor voltmeter has the form 
Ein = EA cos oomt + l13 cos (oomt + tJ.rf» 
= A cos (OOmt + y) 
where f = tan - 1 Ea sin 61> = p!'l..ase error 
EA + Ea°os tJ.rf> 
The phase error will ncrmally be less than f'ive degrees. whioh 
oorresponds to a delay error of five nanoseconds at a modulatj,on 
frequency of 2.78 MHz. Eqn. (9B.4) therefore beoomes 
~ 
EA sin 6</> radians 
l+~oosll1> 
EA 
By differentiating equation (lOB.5) with respeot to tJ.rf>. and equating 
to zero, the maximum possible error is f'ound to be 
Y max :!l: Ea/EA radians 
1 [1-(~2 J 2 
and occurs whim 
oos tJ.rf> = - Ea 
EA 
. (9B.6) . 
': , 
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APPENDJX 90 
Errors due to the use ofa finite modulation frequency 
Consider a general group-delay curve described by a polynomial 
n . i 
t =. z:::: A. to (9C.l) 
g i=o l. 
where Ai are arbitrary constants, and to the angular frequency. 
Since 
t = +22. 
g cto 
where <P is the equivalent phase lag, 
<P = J 1 ~ :oA1 toidto+ <Po 
where <P is a constant. 
,0 . 
Following the procedure of Appendix 9A, but considering only the 
first pair of sidebands, the phase change at frequency too through the 
n (i + 1) . device under test is: 
<Po = Z; Ai 
i = 0 ""(i=-+-l .... )-
n 
. <P(c + m) = 2: 
1=0 
A. 
l. 
(to + to )(1 + 1) + <Po 
o m 
(i + i) 
and. that at frequency (to - to ) is: 
o m 
n 
.1> ) = '" A (0 - mL. i 
i = 0-('"'1'-+""'1"") 
(to - to ) (1 + 1) + <Po 
c m 
---------~--------------,-----------------:~I 
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Similarly: 
<P(o - m) = 
'" + o 
.i:'. Ai [(to
c 
- tom)(i ,~ 1) _ ooc (i + l)l 
l. = 0 '. (i + 1) . J 
(90.7)· 
Recombining the sidebands with the appropriate phase shifts 
incorporated, the output waveform becomes 
A cos(oo t - <P ) + A . [cos 1 [(00. + 00 )t - - ~ ai . x c 0 m 2 c moL....., .. 
, i = 0 (i + 1) 
X [(000 + OOm) (i + 1)_ 000 (i + 1)]. + (000 - oom)t - "'0 _ .. ± 
i=o 
. . 
x 
x r(~. _ (i) )(i + 1) _ to (i+ 1~] ]. X[COSi [(00 + 00 )t _ '" _ ~ L'o m c. 2 c m 0 .L A; x 
, l.=~ l. 
x r( 00 + 00 ) (i + 1) _ 00 (i "I: 1)] _ (00 - 00 )t + '" + L 0 m c· 0 ID. 0 
x r( 00 - 00 ) (i + 1) _ 00 (i + 1»)] } 
o m c 
which simplif'ies to 
A [1 + mees [OOmt + ~ n 
.L 
l. = 0 i+1 
(90.8) . 
Thus the error in group-de1ay is; 
n 
~o Ai [ . 1 [(00 + (j) ) (i + 1) _ (00 _ (j) ) (i + 1») - 00 i J : 200 (i + 1) cm. 0 mc, " m . 
Since oo/to
c 
is of the order of 1/4DOO, all terms higher than the :f'ourth 
power in (00/000) can be neglected. Equation (90.8) then simplies to give 
error = 
• 
I.. 
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If a reference frequency, 00 , in the ·frequency interval of 
o 
interest, is used, and the group-delay curve expanded as a polynolllial 
about this pcint, there will be a neVl set of coefficients, Bi , and the 
.error mll be given by 
n 
error - "">' -i~ 
B
i
· (ro - 00 {i- 2) 00 2 i(i _ 1) 
C 0 III 6 . (90.10) 
.. 
" '; 
• 
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CHAPl'ER 10 
SUGGESTIONS FOR FURTEER 
WORK 
.-;. 
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10.1 Reactive termination ecualizers 
10.2" 
I have sh~m theoretically the potential of interdigital 
terminations as equ~lizers for medium and wide band filters. 
Work is needed to determine the agreement between predicted 
and experimental equalizers, and to find a logical method of 
tuning up the e~ualizer digits, 
The resonant ring equalizer 
If the circular ring equalizer is to be developed, work 
must be done on the properties of curved, coupled transmission. 
lines from both theoretical and experimental' "aspects. With 
the existing work on curved transmission lines; the device 
could then be accurately designed; 
10.3 The quasi-optical equalizer 
Although theoretical work has shovm that mode generaticn 
in the coupler is acceptable, much experimenhl work is 
required to verify this. The quasi-optical coupler is of 
great interest in its own right~ due to the possibility of 
its use at frequencies over 100.GHz within complete systems 
using overmoded rectangular wave guide. 
, 
.' J 
